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PREFACE 



The widely used and recommended college/industry textbook 
"Analysis and Design of Flight Vehicle Structures" by Dr. E.F. 
Bruhn has had only one revision since Its inception in 1965. . 
That .was the 1973 edition in which Chapter A23 was. revised and 
expandedj Chapter CI 3 was completely rewritten by another 
author, and a few minor changes were made in Chapter 11. Aside 
from these the book remains in its original form, p.: 

;f The- purpose : of this Supplement is to increase the scope 
and usefulness of the: textbook in numerous specific . areas of 
analysis* These Include columns t beam-columns , bending :: 
strength, margins of safety , tension field analyses, fastener/ 
joint -dA^^'-aaf&^s^^fl^lJch^M^.^^ numerous others. The 
practical use * of the Supplement is discussed in the Introduction. 
Only one or two applications of \ the Supplement 0 s contents .can 
be worth much more than its cost. *«... • • VM^r* 

The Supplement may be expanded in some future year,,, so any ' 
suggestions for this, or for corrections or changes.finl'.its current 
text will be. appreciated. Those readers who wish! ? t o be inf orme d 
of any future revisions or who have suggestions can contact the 
author at P.O. Box 763576, Dallas, TX 75376-3576 (Tel. 21^ 337-5506). 

The author is one of the coauthors of the textbook. His 
career includes over forty years of experience in .structural 
analysis and design of numerous aircraft and missile projects in 
the aerospace industry. Also included are; technical papers and the 
preparation and teaching of practical courses in structural design 
and analysis for engineers working in the aerospace . and other 
industries. • ' : ' " t^m't >y: ■ /'■•- 

" William F. McCombs 



FOREWORD - 

I am pleased to have the opportunity to recommend this 
Supplement to my late, father's widely used college/industry 
textbook "Analysis and Design of Flight Vehicle Structures M . 
I hope its practical applications will be a benefit to all who 
have the textbook. The. .additional data contained in this 
Supplement can be applied to both the study ; and the work of 
structural design and analysis. The Supplement s hould also be 
of interest to, and eventually benefit, those who may be 
considering purchasing the textbook. 

Patricia Bruhn Beachler 

■ ( ^ ....... . 
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INTRODUCTION 



The purpose of this Supplement la to increase the scope and 
usefulness of the widely used and recommended college/industry 
textbook "Analysis and Design of Plight Vehicle Structures" by 
E.F.Bruhn. As such it is by no means a revision of that book. 
Rather, it is, an expansion and clarification of numerous topics 
and data in the book, along with the introduction of additional 
topics and data. 

For best coordination with the textbook the following has 
been done. Where an existing article such as, for example, 
Art. CI. 13 has been expanded or otherwise changed or corrected, 
the Supplement includes it as Art. 01. 13a, the letter indicating 
a change or addition. When a new topic is added to a chapter it 
is given. an article number which is subsequent to the last article 
number in that chapter and includes no letter. For example, the 
last article in Chapter C3 is Art. GJ.lh. Two additional topics, 
"Yield Stress Bending Modulus" and "Residual Stresses Following 
Plastic Bending" have been added, so they have been given article 
numbers C3. 15 and 03.16 respectively with no letters. 

The same thing has been done with figure numbers and table 
numbers. Where a figure has been changed or added to, it retains 
the same figure number with an added letter. For example, 
Figure 2.27 has added information .so it has the designation 
Fig. 2.27a in the Supplement. When a new figure is added it is 
given a number which is subsequent to the last figure number in 
the ciiapter, so no letters are used with its number in the 
Supplement, This procedure also applies to tables. 

Although the Supplement provides an Index, for most usefulness 
the textbook must be marked in such a manner as to guide the reader 
directly to revised, corrected and new topics, figures, tables and 
references in the Supplement. A highly recommended scheme for doing 
this is provided later. 

Structural design and analyses are based on theory, empirical 
methods and data, various assumptions and individual Judgement. The 
assembled structure is a result of various specific manufacturing 
methods and procedures. Because of these things and also the possi- 
bility of inadvertent calculation errors, it is always necessary to 
prove the adequacy and safety of the completed structure by means of 
a sufficient test program before it is put into use. Such tests must 
demonstrate the structure's adequacy a3 to ultimate and yield 
strength, fatigue life, fracture and stiffness. The test results 
must be properly evaluated since the test article's materials 
usually have properties in excess of the minimum required values. 

Procuring agencies such as the military, the airlines and other 
government and private, organizations usually specify the design and 
tast -.requirements and other criteria which' mu3t be*' used "Or met . ' 
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Coordination of the Supplement and the Textbook* 



In order to easily guide the reader from the textbook to 
the Supplement , the following marking of the textbook is 
recommended, 

1.. On , the textbook 1 s Table of Contents place an asterisk, in 
red ink , after "Contents M and add the following footnote 
at the bottom of the page » 

* A red asterisk preceding any article or figure number 
in .the textbook means that additional material is 
available in the same" article or figure in the 
Supplement. 

2. For each textbook article listed?" in the Supplement ' s Table 1 
of Contents, place a large asterisk, in red Ink, just to 

■ the left of each corresponding article number in the 
textbook (e.g. , *A11.2). 

3. The 12 articles in the Supplement's Table of Contents not 
having a letter in the article number are new .articles, 
(e.g., C3.18 Beam-Column Analyses), Their numbers and 
titles should be written In at the end of their chapters, 
with a red asterisk" just to the left of their article numbers. 

The following figures in . the textbook should have an 
asterisk, in red inky placed" just to the left of their 
figure numbers, to indicate that a revision or additional 
data is in the Supplement* 

A5.1 C2.17 C2.26 C5ilif C8.15 C8.28 CI 1.4? 

■ A18.8 C2.18 C2.2? C8.8a C8.20 C8.29 Ctl.48. 

G1.8 C2.19 C3.2? C8.ll C8.25 CIO, 15 D1.15 

C2.2 C2.20 C3.28 C8.13 08.26 Cll.^3 

C2.16 C2.25 G5.ll C8.14- C8.2? C11.-44 

5. The additional references shown on p. 3Q (for Chapter C2) 
and on p,A21 (for Chapters C3, C4, C?- and Cll ) should be 
written in at the end of the list of references for 
these chapters. 

6. Put a black asterisk after "RINGS" on the title of p.A9.1 
and : at the. bottom of the right hand column add the footnote 
* See Appendix B of the Supplement for alternative analyses 
of bulkheads, frames, arches and bents. 

* :To increase the scope and usefulness of other such textbooks, 
put appropriate asterisks in their texts with footnotes 
saying which article to see in the Supplement, 
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A SUPPLEMENT TO "ANALYSIS AMD DESIGN OF FLIGHT VEHICLE STRUCTURES" \ 



A5.23a Introduction 

Add the following at the end of Art. 
C5.23. For a discussion of all types of 
beam-columns, including non-uniform mem- 
bers, with numerous example problems see 
"Engineering Column Analysis" described 
in Art.Al8.27a. 

A5.24a Kffeots of Combined Axial and Lateral Loads 

Add the following at the end of Art. 
C5.24. Formulas and example problems for 
beams in tension are available in the 
book described in Art. Al8.27a. 

A5.25& Equations for a Compressive Ax 1 ally Loaded 
Strut with Uniformly Distributed Load 

Add the following at the end of Art. 
A5.25. The deflection, y, at any beam 
station can be calculated as follows. * 

M = MQ+Mp = Mq+Py 

therefore 

y = -(If - Mq)/P 

- (M Q - M)/P 

The negative sign is introduced since a 
positive beam bending moment produces a 
negative (downward) deflection. Mq is 
the moment due to the lateral loads only 
and M is the final moment. 

To calculate the slope at any sta- 
tion calculate the deflection at a point 
very slightly to the left of the station 
and then very slightly to the right, the 
same amount, AL. The slope is then 

slope * (y R - y L )/24L 

A5.26a Formulae for Other Single Span Loadings** 

Table A5.1a presents numerous addi- 
tional cases of single span loadings.** 

The case of a beam- column with a 
varying EI or a varying axial loading re- 
quires a numerical analysis, Just as does 
a column of this nature. The numerical 
analysis procedure is presented in C3.18. 

A5.27a Combinations of Load Systems, Margins of 
Safety and Accuracy of Calculations 

For a beam-column the true margin of 
Bafety must be calculated as discussed in 
Art. C4.23a. The allowable stresses or 
bending moments are calculated as dis- 
cussed in Art. C3.18. 

A5.28a Example Problem a 

In Example Problem 2 member BD Is 
considered to be pinned to ABC at Joint B 
This is why it does not pick up any of the. 
36,000 in lb bending moment at Joint B... 

A5.29a Stresses Above Proportional Limit Stress 

If a column curve is not available 



for the beam material, the axial stress, 
P/A, is calculated, fc/Fo.7 is calculated 
Fig. C2.16 is entered with this value and 
E-t/E is obtained. Then Et = E(Et/E). E' 
in Art. A5.29 is actually Et- 

A5.31a Beam-ColumnB in Continuous Structures 

Multispan beam-columns require a mo- 
ment distribution analysis to determine 
the end moments acting on each span. Once 
these are known the applicable single 
span formulas in Table A5.1 and A5.1a can 
be used to determine the bending moments 
at any station within a span. This is 
discussed in Art. C3.18. 

A5-32 Approximate Formula for Beam-Columns 

For preliminary sizing when there 
are no end moments the following formula 
can be used to determine the final bend- 
ing moment at any station 

M = 114/(1 - P/P cr ) 

where Mq is the moment due to the trans- 
verse loads only and P cr is the critical 
load as a column (Chapter 2). This is 
most accurate for a uniform lateral load 
and least accurate for a concentrated 
load. Per is calculated assuming the 
member has a stable cross-section even 
if this is not the case. For a beam in 
tension the negative sign in the formula 
is replaced with a positive sign (ten- 
sion makes the bending moment smaller). 

A6. 7a Torsion of Solid Hon- Circular shapes 

All of the previous formulas are 
based on the shear stresses being in the 
elastic range. With ductile materials 
failure (rupture) does not occur until 
the shear deformation has gone well in- 
to the plastic range (similar to the 
plastic bending case). The torsional 
moment at which rupture occurs can be 
predicted as discussed in Art. C4.20a. 

For the special case of tubes ha- 
ving a oircular cross- section the failing 
torque ean be calculated as discussed in 
Art. C4.20 and its associated Figures 
C4.17 to C4.30 and in the example prob- 
lems of Art. CA.21. 

A7.1a Introduction 

For practical purposes the deflec- 
tion and slopes of beams are calculated 
as discussed in Art. A7.12a, standard 
formulas being used for uniform beams, 
and for varying section beams using 
tables such as Table C3.3-and the "End 
Fixity" discussion. 

A7.12a Deflections and Angular Changes of 

Beams by Method of "Elastlo Heights" 

For beams of uniform section def- 
lections and slopes are most easily cal- 



« See footnote on p. 37. L.H. column 

Tor other distributed loadings replace them with several ito.tleel.iy 
equivalent concentrated loads and use superposition for these. For 
any case of one end fixed one slsply suowrted not shown, use the 
both ends rlzsd oese and then sultlplr- the moment at the fixed end 
by ( I * C0»); I! Is lera at the other end. The exception to this Is 
ease 19 where (1 - COP) must be used. 
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SINGLE-SPAN BEAM-COLUMN FORMULAS 



Table A5.1a Continuation of Table A5.1 
M = Cislnx/J + C 2 cosx/j + f(w) 
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MOMENT DISTRIBUTION WITH AXIAL LOAD 



culated by using beam deflection and 
slope formulas widely available in the 
structural literature. These formulas 
are based on bending stresses only and 
are accurate unless the web is very thin 
or otherwise quite flexible due to holes 
etc. • in which cases there may be signi- 
ficant additional deflection due to shear 
For beam-columns the deflections and the 
slopes at any station can be calculated 
as discussed in Art. A5.25a. . 

For beams with a varying EI a num- 
erical analysis is necessary to deter- 
mine the deflections and slopes. This can 
be done as discussed and Illustrated In 
Art. G3.18 where Table C3«3 shows the de- 
flections due to the transverse loads on 
ly and Tables 03 .4 and 03-5 show the ad- 
ditional deflections due to the axial 
loads, the final bending moments being in 
Table C3.<f The deflections are obtained 
using the data in the tables and the geo- 
metric series, p. 35. as was done" in Table 
C3.<£ for moments. Tables for end fixity 
are discussed in Art. 03.18. With any 
elastic end restraint a moment distribu- 
tion analysis is required to determine 
the end moments on the beam etc. as dis- 
cussed in Ref. 3 (Art. Al8.27a). 

All. 2a Definitions and Derivations of Terms 

Add the following at the end of the 
article. In the moment distribution pro- 
cedure, where adjacent spans "meet" (at a 
support) there is assumed to be a "joint" 
even though the member may be continuous 
across the Joint. The sketeh in Fig. 
All. 9 2 shows the direction of (+■) and {-) 
moments as they act upon the spans and 
also upon the Joint. As seen there (+) 
moments act clockwise on the span and 
counterclockwise on the Joint. This is 
different from conventional beam sign 
convention where a (f) moment produces 
compression In the "upper" surfaoe. 

-M +M 



L — ". 
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Joint" 



Fig. All. 92 Sign Convention* 

A11.5aa Example Problems 

The stiffness factor, K, as used in 
Art. All. 5a and subsequently, is a "rel- 
ative" factor rather than a true one. It 
has the value EI/L for the far end fixed 
and .75 El/L for the far end pinned. As 
such it applies only when there is no ex- 
ternal elastic restraint, k,(in-lbs per 
radlan)at the ends or at any Joint, and 
when there is no axial load in the spans. 
In such cases "correction factors" musi 
be applied to it, as shown In Art. All. 14 
for example. In general, to avoid inad- 



vertent calculation errors it is best to 
use the true value of the stiffness fac- 
tor, 3F, which is in in- lbs per radian 
and is 

SF = ASGEI/L 

where SO is the stiffness coefficient and 
can be obtained from Fig. All. 47 (as "C") 
or calculated per Art. All.l3a. Doing 
this eliminates the need for introducing 
the correction factors otherwise needed. 
The carry over factor, COF, can be ob- 
tained from Fig. All. 46 or calculated per 
Art. All. 13a. 

In doing moment distribution calcu- 
lations, unless the "far end" of a span 
is pinned (or free) it is assumed to be 
fixed for determining the values of the 
stiffness and carry over factors. 

All. 13a Fixed End Moments, Stiffness and 
Carry Over Faotora for Beam- 
Columns of Constant Croaa-3eotlan 

Sometimes it is necessary to use the 
values of the SC and the OOF (see Art. 
All.Saa) for larger values of L/j than 
are given in Fig. All. 46, All. 47 and 
All. 56 (for 2/J-ct). Those values can be 
calculated as follows for compression 
members;* 

SO (far end pinned) - 3/4/3 2 
SC (far end fixed) 3 3(3/fwT -crt) 
COF =e</2/3 

where = 6<jcosec-|- l)/(L/jf 

/3- 3(1 -£cot-^/(L/j); 2 

For members in tension the same formulas 
can be used, but the trigonometric 
functions are replaced with the hyperbo- 
lic functions, cosech and coth. Exten- 
sive tables of the SC and COF values (to 
6 significant figures) from L/J * 0 to 
2fT for compression members and from 0 to 
50 for tension members are in the book 
described in Art. Al8.27a.** 

All. 15a Seoondary Bending Moments In 
Trusses with Rigid Joints 

Art. All. 15 gives a procedure for 
determining the secondary bending moments 
in such trusses but no illustrative exam- 
ple is provided. The following illus- 
trates the procedure except that in step 
one one finds the relative rotation of 
each member using the method of virtual 
work, step 2 is omitted and in step 3 
"its relative rotation" is used In place 
of "these transverse displacements". That 
is, due to the applied loads the truss 
Joints move, and therefore the members 



■*Some books use an opposite sign convention. 



♦ In Fig. All. 56 1/3 - <tf can be calculated as follows: 
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SECONDARY BENDING MOMENTS' IN TRUSSES 



rotate relative to each other. These ro- 
tations generate fixed; end moments at 
their.endsi (Just as a beam with unequal- 
ly deflecting supports will 
undergo an angular rotation and develope 
fixed end moments). The following illus- 
trate sr the procedure using the truBS 
shown in Fig. All. 92. 



a . 

5000# j 




6660# 



Fig. A11.92 Applied and Internal Loada 



1. For the applied loads the resulting 
internal loads in the members are de- 
termined as shown in the figure. 

2. Member BG is arbitrarily selected as 
the "base member" from which the ro- 
tations of all other members are cal- 
culated. 

3. For each other member (one at a time) 
a clockwise 1 in- lb moment in the form 
of couple loads (l/L) at its. ends is 
applied and reacted, with a counter- 
clockwise couple at the ends of the. 
base member BC. The resulting loads 
in the truss, [members are. . then, deter- 
mined. See Fig. All. 9 3 and note that 
only a few (3 or 4) members are load- 
In this procedure, . 



4. Then for. each, loaded memb er the c; quan- 
tity SuL/AEis calculated and the re- 
sults summed to obtain the. relative 
rotation, 9, of the.member to which 
the clockwise couple was applied. , 

5. Steps (3) and (4) are repeated for 
each of the remaining members to get 
their relative rotations, 3. Table 
All. 4 presents the basic data and 
Table All. 5 summariz.es the calcu- 
lations. 

Table All. 5 Calculation of 



Table All .4 Basic Data 



Uambsr 


... " S„ , 


L 


/A... 
in* 




SL/AE ■ 


-,: , I. ., , 




Wj 




_lb_a_ 


in 




.lit* 




. AB 


5774 


20 V; 


-.563 


,10 


.0205 


.0264' 


6.76 


2.96 


AC 


-2887 


20 


.563. 


,10 ■ 


-.0103 


.0264 


9.56 


2.09 


BG 


-5774 


20 


.563 


10 


-.0205 


.0264 


6.76 


2.96 


BD 


5774 


20 


.563 


10 


.0205 


'.0264 


6.76 


2.96 


CD 


5774 


20 


.563 


10, 


.' .0205 


.026* 


6.76 


2.96 


CE 


-866 0 


10 


.360 


10 


-.0208 


.0108 


3.53 


2.83 


P E : 


0 


1702 


.250 


10 


0' 


.OO5-5 


00 


0 




Pi6> All. 93 Relative Rotation Loads 

For each of the above members the 
fixed end moments are calculated as 

FEM = r6EIQ/L( 2/9- ot ) 

where 2/3 -d is obtained from Fig. 
All. 56 and accounts for the effect of 
the axial load* S» in the member. A 
positive (clockwise) relative rotation, 
9, produces negative (counterclockwise) 
. FEU 1 s (per Example. 2 sketch on p. All. 2) 
hence the minus sign in the formula. 
If a member has one end pinned a fixed 
end moment occurs only at the other 
end and is calculated as 

: FEM= -6EI9( 1 - COF)/L(20 - o4 ) 

where OOF is from the pinned end to . 
the fixed end. Table Ail. 5 summarises 
the calculations for the' Values of 9. 

The fixed end moments at all truss 
Joints are how known and the moment 
distribution procedure can be carried 
out as illustrated in Fig. All. 43 to 
obtain the final moment s . at the ends 
of each member. Then s&e Aft, A 5, . 

Relative Rotations, 9 



Mem- 
ber.. 


SL/AE 


Couple at AB 


Couple 


at AC 


CoUPlt 


» at BD 


CouDle at CD 


Couple 


at GE 


u 


uSL/AE: 


u 


USL/AE 


u 


USL/AE' 


u" 


USL/AE 


u 


uSL/AE 


ab: 


.0205 


-.0289 


-593 


-.0577 


-1183 


0 


0 • 


0 


0 


0 


0 


AO' 


- . 0103 


.0577 


-594 


.0289 


- 289 


0 


■0 


0 


0 


0 


0 


B C 


-.0205 


-.0289 


593 


.0289 


- 593 


.0289 


-592-, 


-.0289 


592 


-.0289 


593 


BD, 


.0205 


0 


0 


0 


0 


.0289 


592 


.0577 


1183 


.0577 


1183 


CD . 


.0205 


0 


.0 


0 


0. 


-.0577 


-1183 


- . 0289 


- 592 


-.1155 


-2367 


CS 


-.0208 


• 0 


6 


0 " 


'0 


0 


0 


a 


0 


0 


0 


DE • 


0 


0 


0 


0 


0: 


0 •■ 


0 


0 ., 


0 


.1000 


0 






9a r 


= .594 




-2065 . 




-1183 ; 


©Tin 


- 1183 


. .. e CE 


= -5 91 



Note: Multiply each 9 by 10 .DE doesn't rotate since it is held by the supports. 

Saef'BH . for the' critical (buckling) loading calculation and P.B12-13 for gusset plate data. 
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All. 15b Tha Effaota of Inorsaeed Internal 
Load* on Secondary Bending Moments 

Although, the secondary bending mom- 
ents in the truss of Art. All. 15a were 
relatively small, they can become quite 
large as the internal axial loads in the 
truss members increase. As the applied 
loading on the truss approaches the crit 
leal loading these moments will approaah 
infinity. This is why the theoretical 
critical loading for a truss can never be 
attained; bending failure will precede it 
The following example, using the simplest 
rigid joint truss illustrates thlB. 

p a l ac = 17.3". ei ac = 5xl°?4=<2'»? 

60* / = 30.0", ei ab = txioi* 




Fig. All. 94 Rigid Joint Truaa with Pinned Ende 

A is a rigid Joint and ends B and C are 
pinned. Assuming A to be a pinned Joint 
only to determine the axial loads in AC 
and BC, they are as shown in the figure. 
With the axial loads known this simple 
truss can be analyzed for stability 
(buckling) as a two-span column with 
pinned ends, as is illustrated and dis- 
cussed In Art. 02.3b, Example 2. By suc- 
cessive trial calculations, when P 
101700 lbs, Pab = 88072 and PAC^SOfcO. 

( L/J )AB = 30/V5 x 10°/88072 =3-9816 

30ab- -1.5^28 

SFab = M*l»5428)(5 * 10 s )/30 . 
= -1028500 

< Ui ) AC = 17.3/V5 x 10*/50850 = 1.7446 
SCac = • 89059 

SF A c = 4(. 89059 )(5 x 10V17.3 
= 1029600 

Hence, at Joint A SSF = 10296 00-10285 00:3? 0 
so 101700 is the buckling (critical) load 
for the truss* If A were assumed to be a 
pinned joint then an applied load of only 
03315 would cause AB to buckle as a pin- 
ended column, since for pinned ends Pqo 
for AB is 54831 and .866 x 63315 - 54831. 

To illustrate the effects of applied 
loadings near the critical loading on 
seoondary bending moments, assume that 
P a 10 0000 and find the resulting moments. 

• then 2BP at on? Joint £ 0 taare la no reiiauno* te rotation 
•0 an inflnlteanal aooant illl eaua* rotation and falluro. 



Let AC be tha base member, apply a 1 in- 
lb couple on AB and react it with an op- 
posite couple on AC as In Fig. All. 95- 





3 / \ VS. 

Fig. All. 95 Virtual Work Loads 
C B 

The relative rotation of member AB is 
then calculated as follows. 



Member 


l/ae 

xlO 4 


s 


u 


sul/ae 

xlO* 


AC 
AB 


.828 
L.435 


50000 

-86600 


1/30 
1/17.3 


1380 
-7183 



e= 2 = -5503 

The only FEU is at A slnoe end B Is 
pinned (and AC has no relative rotation). 

FEMab= -6( 5xl0 6 )( -5803x10*^ )(!>- 2.323)/ 



= ~533i. in lbs 



30(1.44) 



Doing the moment distribution for the 
final moments at A 

SC .88841-1.394 
SF 1027100 I-932670 
SF 94430 
DF 10.877 -9.877 
FEM 0 -5331 

Final Mom f^uj -If^ 



Fig. All. 96 Moment Distribution 

The extremely large final moments are, of 
course, unacceptable since bending fail- 
ure would occur (if P were 101700 the mo- 
ments would be infinite). Therefore, 
when the applied leading on a truss is 
hear the critical loading bending failure 
will ecour (and prevent the critical 
loading from being reached), due to the „ 
deflection of the trusB Joints under load. 

Repeating the above calculations for 
successively smaller values of the app- 
lied loading, P, results in the final mo- 
ments shown in Table All. 6. Note that as 
the applied loading decreases from near 
the critical loading the final moments 
decrease very rapidly at first. When the 
loading decreases to the value which is 
the critical value assuming pin joints 



# The naxliram tending in AS is 77.840 ln-lbs. ooeurlng 18.3- 
from A (using Case 2 in Table A5.1) 



6 
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Table All. 6 Variation of Final Momenta 
with Applied Loading 



Applied 


f> of 


Final 


Loading 


Critical 


Moments 




Loading 


At A 


101700 


100.0 




100000' 


98. 4 


-57985 


99000 


97.3 


-24983 


98000 


■ 96,4 


-20522 


95000 


93.4 


- 8876 


63315 


62.3 


0 


40000 


39.3 


60 



(63315) the final moments are relatively, 
small;:::' This Is why an assumed pin- Joint 
analysis' which ignores the, seodndary mom- 
ents, a common procedure, is unlikely to 
result "iii strength failures. Fatigue 
life might be a concern for very light 
structures*. If a truss member is subject 
to a lateral loading, that causes an add- 
itional type of secondary moment to occur 
and additional beam-column effects. 

Although this illustrative example ; 
uses only the simplest type of rigid 
Joint truss, the results would be similar 
for a conventional type of. truss. The. 
analysis would, of course, be more te'r ' 
dious. More about trusses is in the book 
mentioned in Art.Al8.27a (and Flg.All.43i 

A13.11a Curved Beams 

For compact cross-sections the beam 
is not subject to flange instability ef- 
fects (Chapter 7). Therefore, with duc- 
tile materials, the ultimate bending 
strength can be calculated as discussed 
in Chapter C3, ignoring the curvature. 

•When the cross-section has relative- 
ly thin flanges,, as with, an I, channel, 
Z etc .. there is another effect of curva- 
ture. It causes the flange, to bend as 
shown in Fig. A13'..22a, and therefore be.r 
. come less effective, resulting in higher 
bending .'.stresses f or the beam. It also "' 
generates, bending 'stresses in the flanges 
in. a direction normal to the plane, of the 
web which are a maximum at the flange -t.o- 
web intersection. 




Fig. A 13. 22a Curved Beam Section Bending 



For, symmetrical cro ss-sections the cir- 
cumferential bending stress at any point 
on the section can be calculated as 

. >.* sM i • 

where . A s Area of cross- section . 

"". "' R =• Radius of curvature at the 
oentroidal axis, 
M = Applied moment, positive for 
tensiori in the outer fibers 
and vice-versa 
y= distance from centroidal axis, 
being ■+• outward from this axis 
and ■» if inward 



AjR + y A/ R+ y 



where w a cross- sectional 
width at di stance y 

Table A13.4 presents formulas for Z for 
several, -pro sa- sections. s .Where a, flange 
width is required, it is not the actual 
width, b, but rather an effective width, 
b" a ff, due to the deflection shown in Fig. 
A13.22a. This can be calculated as 



*>eff = 



where Ci is obtained from Fig. A13.22b. 
b e ff is used for determining A and Z . 
when flanges are present., Being less, 
than the actual b, it results in high- 
er bending .stresses, f D . 

Fig. Al 3. 22b 

Curved Beam 

Bending 
Coefficients 



.. 1. 2 ilt i.» 

The transverse bending stress in 
the flange, f D t, can be calculated as 

fbt = C2 f b 




where C2 is obtained from Fig.A13.22b 
and ffc is the stress calculated previ- 
ously using Cx* Again, this discussion 
applies only to symmetrical cross- 
seotipns as in Fig. A13.22a. 

When weight is important and rela- 
tively thin flanges result in high 
stresses,, the stresses can be reduced .... 
by using thin, closely . spaced, ..machined in 
place "bulkheads" between the- flanges, or 
beneath a, Timember's flange. This reduass 



CURVED BEAMS. 



TORSIONAL BUCKLING 



the flange deflection and therefore re- 
reduces the beam bending stresses and the 
flange's transverse bending stress. Un- 
fortunately t there is apparently no de- 
sign criteria for this, so one must rely 
on Judgement and tests as to, both, lim- 
it and ultimate load adequacy. 

Unsymmetrical cross- sections should 
be avoided in fittings and hooks with 
large curvature since there are no formu- 
las or data for predicting bending stress 
in such flanged members (teats required). 

Finally, much curvature with flanged 
members can cause significant compressive 
("crushing") stresses on the web and the 
thinner the web the worse the effect. 
These are generated as discussed for Fig. 
03.28 and stiffeners are needed as illus- 
there to prevent crushing or buckling. 

The machined bulkheads also do this in 
in the case discussed for machined items. 

AlB.5a Buokling Load* of Column! 

Equation 16(b) applies only when the 
axial stress is iri the elastic range and, 
when the croBS^aectlon of the column re- 
mains stable (i.e., no local buckling oc- 
curs before Por is attained). When these 
conditions do not exist the critical load 
will be less than predloted by Eq. 16(b), 
as disoussed in Art* Al8.8a 

AlS.Sa iap«rf»ot Columns. Tangent 
Modulua Th»ory 

Add the following at the end of Art. 
A18.8. Since Et (in Eq. 16b, 30 and 3*) 
decreases as the compressive stress in- 
creases above the proportional limit (Et 
being the slope of the stress- strain 
curve), a successive trials solution for 
Por is indicated. That is, Et must be 
the value corresponding to 6*cr. The suc- 
cessive trials can be avoided if a column 
curve is available as in Fig. Al8j.ll, en- 
tering with L/r and reading 6* or on the 
ordinate. If a column curve is not av- 
ailable the procedure illustrated in Art. 
G2.10 can be used. 

Equations 16b, 30 and 3^ alBo do not 
apply, nor doeB the column curve, If any 
part of the oross-section is thin enough 
to have a local buokling stress which 1b 
smaller than 6" 0 r as predicted by the a- 
bove equations. In this case a special 
column curve which accounts for this lo- 
cal instability must be constructed and 
used as shown in Art. G7.26 and C2.16. 



Table Al3.^ Some Formulas for Z 





b + + 
1 



» TO 




.c 

«. 1 _ 



"lit— 1 



I— b —Cl 



( «, qp > ^hb 



Z--1 + 




Z «-t*£[t log, <R + c,)*(b-t> 
loe, fR-c,) -b Is* <R - e,)] 



2 - -l*£-[b, lo»,(R+e,)+(t-b,) 
I.I,(R*c,> *lb-t>'lo,,(R-c,l 
-b lo»,(R-e,»] «■ v 



Al8.8b Torsional Buckling 



The previous discussions are for the 
conventional form of general instability 
involving only a bent (buckled) shape, 
also referred to as bending buckling. 
There is another form of general instabi- 
lity which can result in smaller values 
of Por • This form of buckling involves 
a twisting of the column (even though 
there is no applied twisting moment) and 
is called "torsional buckling". Depend- 
upon the croBS-sectional shape, the buck- 
led shape may be either a pure twisting 
or a combination of twisting and bending 
about one or both axes. It occurs for 
open cross-Beotlons having thin elements 
and is usually more critical than bend- 
ing buckling in the short to medium range 
column range.' 4 * Torsional buokling is dis- 
cussed further.. in. Art. 1 07., 3i and in de- 
tail in the book described in Art.Al8.27a 
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AlS.27a Conprehanaive Treatment of 
Column Strength ■■:■<■ '■ 

The broad coverage (180 pages) of 
column design referred to in Art. 18.2? 
as being in ah originally planned "Volume 
2" was not included when it was decided 
to publish only the current single volume 
rather than two volumes because of space 
requirements. However, this material is 
available in the book "Engineering Column 
Analysis" by W.F. McCombs, Datatec , P.O. 
Box 763576, Dallas, TX 75376-3576. Top- 
ics include columns, beam- columns, truss 
members, bents, arches, torsional buck- 
ling, local buckling, crippling, buckling 
of shells and members on elastic or oth- 
erwise sagging supports. Both, uniform 
and varying section members are included. 

A18. 28a Mechanical and Physical Proper- 
ties of some Aircraft Materials 

The last paragraphs of Art. -A18.28. 
refer to a planned Volume 2 which was 
finally included as Parts B, Cand D of . 
the textbook. Therefore, it is Chapters 
Bl and.B2 of the textbook to which' the 
reference la made;* 



A19.23 Crushing Loads on Ribs Due to 
Wins Banding 

Chapter A19 provides methods for de'' 
termining the stress in the flanges, 
shear webs, stringers and skin panels of 
the wing structure. Chapter A. 21 discus' 
ses the shear loads and stresses, in wing 
ribs. Neither of these chapters discus- 
ses the crushing loads on, the rib webs at 
a rib- stringer Joint which are" caused by 
the' bending of the wing or of any box 
beam having stringers., supported by ribs. 1 
Since the ribs provide' simple support for 
the stringers in compression, if a rib 
fall's locally its simple support for the 
stringer will vanish and to stringer will 
fail as a column ••- £ \ when the rib web" is 
thin with no local reinforcement and the 
crushing' loads are large such failure" can 
occur. The manner in which these crush : 
lng loads arise is as follows. 

:-s Flg.Al9.A-4 shows a front view of a 
wing in its bent form (greatly, exaggera- 
ted)', -the "upper stringers being in com- 
pression, the lower ones being in ten- 
sion and the load line from rib 'to rib 
shown by the broken line.' Due' to the 
bending radius of curvature, R, the'' angle 
9 will be S =-L/R, a very small angle - 
since R is very large in a practical "."wing 
structure . " The load , P, lh any stringer 
'located'' at a rib, will have cbmpbnen%s° of 
load' parallel to the' rib which are re- 




rig. A19.** (ins Rib Crushing 

,. ■ .4 ■ i; \r ... : . ■ ... '■■ - 

acted by the rib. load, Q, in the amount 

Q = 2Psin(S/2) =» P9 
or, Q ~ PL/R 

Since R - El/M 

4 = PLM/EI " 

If Li and L2 are different rib spacings 

Q » P(Li + L 2 )M/2EI 

Where Q is the crushing load on the' rib 
web at. the stringer, M is the bending mo- 
ment on the wing at the rib station and 
EI ls,,^ha.t,,pf... th.e,wlng , aV i the ; ...plb; station. 
Therefore, . each stringer will need a clip 
to the rib' ' (or lis;"' equivalent) '''which ' can 
pass the load <ft into, the rib web, and., if 
the' load is large .enough to crush the rib 
the cil'pl will; also 'need to be "extended;',', 
and. fastened so as, to serve as a stif'fen.- 
fbr' the ; ' rib j to prevent crushing of the 
rib web. 



C1.13a Factors of Safety and Margin* 
of Safety 

These items. are : discussed in articles 
A4.2 and in CI. 13: through: CI. 15, but they 
do not provide specific, associated, num- 
bers for factors of safety or methods for 
calculating the margin of safety for; mem- 
bers' under many, combined/ load 'systems. 
The purpose of the following discussion 
is to do that. ' . 

Factors o f Safety . ..,..".' 



Ultimate, loads, also called design 
loads, are" obtained by multiplying the 
limit loads (the actual or expected . 
loads) by a factor of safety.. For pilo- 
ted ' aexds^iace vehicle s, the , factor, of safe- 
ty ' is usually;. 1.$. For missiles, which, 
are not. piloted, .the factor of safety is 
is usually 1.25 except for any load con- 
dition where, the safety of people Is in- 
volved where it is 1.5 (e.g. , for the ej« 
ectlon loads from a carrier airplane). 
Naval airplanes are designed for a very 
"f ast'"' sittkiiffg' Bj&faffT abeutr 26 ' f ttt per se- 
cond, so no safety factor Is applied to 
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these loads. However, the landing gear 
must continue to function after such a 
landing and the major attach fittings 
(landing gear to wing or fuselage, wing 
to fuselage and major fuselage section 
splices) must show a margin of safety of 
.25 for this landing . condition. In gen- 
eral, factors of safety are specified by 
the procuring agency. 

Margins of Safety 

The margin of safety for a structur- 
al member subject, to a single load or 
stress Is calculated as 

_ Allowable Load (or Stress) x 0 
M,s, ~ Ultimate Load (or stress) 

and must be aero or more. However, in 
some cases it must have a specified posi- 
tive value as mentioned for. Naval air- 
planes and .15 for fittings. This margin 
is also required if additional fitting or 
casting factors have been specified. For 
shear Joints a minimum margin of safety 
of .15 is required and for tension Joints 
it la .50r Also for these. Joints there 
must be no yielding at limit load. . For 
shear Joint, attachments if the! bearing 
yield strength is less than 2/3 of the 
ultimate bearing strength, the bearing 
allowable strength is taken as 1.5 times 
the bearing yield strength and the Joint 
is said to be "yield critical". For riv- 
eted shear and tension Joint allowable 
data see Chapter Dl. Also see Appendix A» . 

The previous simple formula for the 
M.S. gives the decimal fraction by which 
the load may be increased and still have 
a M.S. of zero. For example, if M.S.s.20 
the applied loads may be increased by a 
factor of 1.20. However, the simple for- 
mula applies only when all of the follow- 
conditione exist 

1. The member is subject only to a single 
type of loading, not to several typeB 
such as shear plus compression etc. 

2. The internal loads vary linearly with 
applied loads. 

3. All applied loads are variable, i.e., 
none are fixed in magnitude such as a 
constant pressurizatlon. 

These conditions are discussed as follows. 

1. For example a bolt may be subject to 
shear, bending and tension simultans- 
eously. In such cases so-called, 
"interaction equations") derived from 



tests rather than theory, are used to 
show structural adequacy. A typical in- 
teraction equation is of the form 

Rl-f- R2+ R3+ Rm * 1.0 

Where Rl^fn/Fi, J^-fg/Fp. Rj = f 3/F3 and 
%= fm/Fm,, f being the ultimate stress 
(or load) and F being the allowable 
stress (or load). R is called the 
"stress ratio". When the left side of 
the equation is 1.0 the M.S. is aero. 
When It is less than 1.0 the M.S. is pos- 
itive but undefined and when it is more 
than 1.0 the M.S. is negative but unde- 
fined . 

Example: 

f! = 10000 and Fi =30000, so Ri= .333 
f 2 = 40000 and F 2 = 60000 , so R 2 =■ .66? 

Interaction Equation: Ri+ R2 = 1.0 

.333 + .667* = .778 (<1.0) 

Hence the M.S. is positive but undefined. 

There are two cases for which the M.S. 
can be calculated directly using the in- 
teraction stress ratios, R, as follows. 

a) When all exponents (a, b, c, n) have 
values of 1.0 and/or 2.0. In this case 

M<S '- ^Ri+-V(SRi)*+ ^Rg 2 ~ 1,0 

b) When all exponents have the same value, 
n, in which case 

M - s - = (Rf + ag + t&y'* 

For all other cases the M.S. is found by 
using, plots of the applicable Interaction 
equation (discussed later) or by succes- 
sive trial calculations. The latter is 
done by finding, by successive trials, 
by what common factor, A, all of the 
loads must be multiplied to satisfy the 
interaction equation. The M.S. is .then 
A - 1.0, Or, when 

(ARif+ (AR 2 /V (AR 3 f + (AR4) L = 1.0 

M.S. = A - 1.0 

Example * 

For the previous example 

A x- . 333 +- (A x-.667^- 1-.0 



• Also in p.Al-. JUrglas of z*T»tj 
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After several trials the equation Is sat- 
isfied when , A =1.171, so 

M.S. - A - 1.0 - 1.171- 1.0- .171 

Since all exponents are 1.0 and/or 2.0 
the U.S. can also be calculated 
by formula : as 

i,' - i 2 ■ : ' 



U . S 1 x 



.333 + y 333**4 x .667* 



■1,0 = .171 



When using this formula with other more 
lengthy Interaction equations' the paren7 
theses around the term.£Ri must be noted 
and used. URi is the sum of all stress 
ratios having the exponent 1.0 and SRg is 
the sum of those having the exponent 2.0. 

When plots of interaction equations 
are available the U.S. can be determined 
by a graphical 0 on struot ion. This Is il- 
lustrated in Art . 04. 24a in the textbook 
using Fig. C4. 36. However, graphical so- 
lutions are hot heeded when the prior 
formulas apply , and in many other oases 
the successive trials' procedure may be : 
easier with calculators or when the inte- 
raction curves are not available . 

Listing- of Interaction Equations 

Numerous interaction equations ap- 
pear in various parts of the book per 
the following listing. 

Bending* Shear and Compression 03.13 

Bending' and Shear 03.12 

Bending and Bending .03.8 
Beam-Column Bending & Axial Load , Ck.22- 
■ Tubing i 

Bending and Compression 04.22 
Bending and Tension. C4.23a 
Bending and Torsion 04.24 
Compression, Bending and; 'Torsion C4.24a 
Bending and Shear 04.25 

04.26 
C1-.27 



Compression, Bending , Shear 
and Torsion 
Tension and Torsion 
Flat Sheet 

Bending and Compression C5.9 



Bending and Shear 05. 10 

Shear and Tension or Compression 05.11 
Compression, Bending and Shear C5.12 



Uonocoaue Cylinder (Various ) Table 08.1 

Curved Sheet C9.5 
Compression or Tension and Shear 

Stiffened Cylinder C9.ll 
Shear and Compression 

Torsion and Bending 09.13 

Shear and Bending C9.13 

Shells In plafional Tension 

Stringer Primary and , C11.33a 

Secondary Stresses 

Ring (Frame) Primary and C11.33& 
Secondary Stresses (for 
Stringer, System) 

Longeron Primary and Seoondary 011. 36a 
Stresses 

Ring (Frame) Primary and Gil. 36a 
Secondary; Stresses (for 
Longeron, System) 



2. There are cases where the internal 
loads in a member do not vary linearly 
with the applied 'loads,. One example is 
the beam- column where the bending. mom- 
ent increases f aster" than' does the ap- 
plied loading.. Another example is the 
axial stre s s In stringer s due . to ten- 
sion field aotlon. For such, cases the 
j U.S. as previously calculated would be 
ah "apparent' 1 U.S., hot a true U.S. 
Whether the, apparent U.S. is positive 
or negative, the true U.S. will always 
be closer./tb aero than the apparent 
]i.S.' : The true U.S. must be calculated 
as follows. 

By. successive trials find the com- 
mon' factor, A, by which the applied , 
loads (which produce thV internal loads 
in the, members), must all be multiplied 
to. give a calculated U.S. of zero. The 
true U.S. is thehi A - 1.0. For a beam- 
column the applied loads are the axial 
load and the transverse loads. Uulti- 
plyirig these by any factor, F, will 
generate a bending moment in the beam- 
column which increases faster than the 
common factor, F. A 1b the value of F 
for whi ch the calculated U.S. is aero, 
and then the true" U.S. is A - l.O. 
This procedure applies for any Interr 
actlori equation that may be applicable. 
Note that this requires a greater ef- 
fort than that in (1) previously. This 
is because increasing the applied loads 
requirS's' another analysis to determine 
the internal loads, since they do not 
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vary linearly with the applied loads. 

This is important because mar- 
gins of safety are reported for struc- 
tural members and are usaito Bee if 
the members can withstand an increase 
in the applied loads. If the applied 
loads increased by a factor of, Bay, 
1.20 and the report showed a M.S. of, 
say, 1.20 it would be Judged to be ac- 
ceptable as an increase. But if this 
happened to be an apparent M.S. the 
true M.S. would be smaller and the in- 
crease in applied loads would not be 
acceptable. Hence, the true values of 
the M.S. should be in the report. If 
not they should be "flagged" as being 
apparent ones so that a proper eval- 
uation can be made when needed. 

3. The internal loads in a member 

are due to the applied loadB. Some- 
times the applied loads consist 
of "fixed" loads which do not vary, 
such as, for example, constant pres- 
surlsation loads. When such are pres- 
ent the internal loads or stresses in 
the member due to them should not be 
multiplied by the common factor, A, in 

(1) previously or by the factor, F, in 

(2) since they are constant. If such 
were done the calculated M.S. would be 
conservative (too small) If these 
loads were "additive" and vice-versa 
if they were "subtractive" . This also 
applies when the M.S. is calculated by 
the formulas in (la) and (lb), and 
when , the M.S. Is determined graphical- 
ly, which makes these calculations not 
applicable for for such cases. (the 
successive trials procedure is then 
needed) . 

CI. 13b Scaling with Tolerance* 

When calculating margins of safety 
for a structural member nominal (mean) 
dimensions are used to determine the 
stress in the member and its allowable 
load. Ideally, the M.S. is aero, gener- 
ally. However, all drawings specify the 
manufacturing tolerance which accompan- 
ies each dimension such as, for example, 
±.03" and these are considered as follow 

In aerospace structures it is com- 
mon practice to oonslder only the two 
worst tolerances affecting any dimension 
and to compute the reduced margin of 
safety based on the reduced dimensions. 
This will give a negative M.S. when the 
nominal M.S. is aero. Such negative 
margins a*rV acceptable if they do not 
exceed -.15 for single load path members 



or -.25 for redundant members. These are 
arbitrary limits, some companies allowing 
more negative values such as -.19 and 

39 respectively. Such negative margins 
caused by tolerances are acceptable since 
the probability is quite low that, simul- 
taneously, the material will have minimum 
properties, the tolerances will be as 
large as allowed, the loading condition 
will be aahieved and the internal loads 
in the members will be as large as pre- 
dicted. If the M.S. had to be sero or 
more based on such minimum, rather than 
nominal, dimensions considerable weight 
would be added to the structure. 

When dimensioning structural members care 
should be used to prevent the build-up of 
large tolerances affecting the final dim- 
ension. Unacceptable tolerance effects 
are most likely to occur when dimension- 
ing small machined or cast protuberances 
or holes, where small internal corner 
radii are present and for thin machined 
or chem-milled parts. 

However, the above should in no way 
be construed as sanctioning negative mar- 
gins based. on nominal, dimensions or en- 
dorsing the salvage of parts having less 
strength than required per the drawing, 

CX. 6a Combined Stress Equations 

For practical calculation purposes 
the following summary and example problem 
are helpful. Fig.Cl.8afa) showB the posit- 
ive direction of known or given applied 
stresses. Fig. (b) shows the resulting 
stresses,^ anddg, , on any plane 9 (posi- 
tive directions shown), which can be 
calculated as follows. 

c£> =i(c^i-<^ )+ i(4. -d v )cos2G + T^sin29 
^-kW^-dij )sln 29 -Ify cos29 

1. The principle stresses, 7 are cal- 
culated as follows. 

2. The plane for the largest principle 
stress, 9p, is measured from the 
plane of the larger of ovdu and is 
calculated as follows. 

9 P = £arctan(2^/(ck -d 9 )) 

The plane of the smaller principle 
stress is 90° away from this plane. 

3;' The maximum she'ar stress, "Tmax' ia 
calculated a s follows. 
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FREE-ENDED COLUMNS 



4. The plane on which 'Z m * is located Is 
' 9^= iarctan({c4 )/-2*icy ) 



1- 




Positive directions of 
applied stresses, shoim ,._ . . 
'» Tension ls(+) , oomp . Is'C-) 



OL, efy amd tjy are known 
values, positive a b shown 

e&' and % are positive' 
as shown 



\, ,FlE- ■Cl.Ba Shear and- Normal Stresses 
Example Problem ' 

t2000 

-i— 

10000 



IQjJOO - 



-A500 



\ 2000 



For the stresses- shown in the sketch 
above (note that c£ is. oompressi^e , hence 
negative) what are if and If oh a plane 
at 9 = 60° ? What are d % , 9 p , ^ max and 9,-? 

<^ =i( 10000 :- 2000)+ -1(10000+ 2000) cos 120 

' " , 4500slnl20° « .4897 r . 

^ - i( 10060 + 2000);;slnl2O o --4500coa 120° ■ 

= 7446 : '*" : - £ " V ' ! 

cj^= £(10000 - 2000) ± Y f ( ipooo-t-20oo Msoof 

- 11500 and -3500 :i: 



<Sp = £arctan(2 x 4500/(10000 +- 2000)) 



mining the value of the largest^ and of 
the largest Tmax* 



C2.1a Methods of ; Column Failure, 
. Column EquaVtlona 

The last 'paragraph is extended to 
include the following. "Predicting fail- 
ure' due; to local instability require s 
that, the column curve be reconstructed in 
the short to intermediate ranges. This 
reconstructiori ? "ls di scussed arid illus- 
trated lri Art. C7.25 through C7.27 

G2.2a Free-Bided Columns** 

Fig. C2. 2 shows only a special, case 
of the free-ended column. , one end be ing 
fully fixed and trie; load remaih'ihg paral- 
lel to the axis of the member in' its' 
straight (unbuckled), form. In general, 
however, the load;, P,. may be directed 
either to or from a given point , "0" , as 
shown in Fig. 02, 2a. 



18.43 



Tmax = "V^( 10000 -h 2000 f-t- 4500 2 = 7500 

■U* iarc tan (10000 +• 2000/-2(4500 ) = -26.57° 

9^ is always 45* away from- 9pV 

If any of the above calculated values had 
been negative they would be acting or lo- 
cated in a direction opposite to that 
sho wn in Fig.C-. lj3a . 

Usually one is interested only in deter- 



..(a) Load directed toward "o 1 ' 
m = •/{*.+ L) 



5 : fb) Load- directed from "o" 

m:« (L + Lo)/Lo T ■ 

Fig. C2.2a Free-Ended Column, Fixed Elid 

As • Bhown in Ref .4 (Art.Al8.27a) , the 
buckling load is defined by the trans- 
cendental equation ' 

U/jJctnL/j ^1 - (1/m)* 

For', 'any given, v.a2«6: of m (Fig.C2.2a), P cr 
is found by successive trials. .That is , 
one assumes a value f or .P, calculates 
J (= .1/EI/P) and uses . this in the equation. 
Men' ;> P" = P cr . the equation will be sati e- 
fled.. However, this, effort can be great- 
ly reduced by using .Fig . C2. 2b , entering 
the figure .with m and obtaining (L/j ) cr . 
P cr is then calculated as 

P'or. - (L/J )o r (EI/L 2 ) . 

Mote that when a orti 0 =e>o , m = 1.0 and 
Per - W/2f (EI/L S ); When a £ 0,m = 0 
and Per - Tr^El/L 2 ) ; when L 0 -= 0, m 
and P or = 0. That. is, as a decreases 
Per.; increases, but..,aa,,L & ,.dp i c^ake,s Per ' 
decre ases. 

• For Fls.U) an altoroate fort is tmal/l'm 
and for m.M TmnL/: . (L + L„)/j 

»» For fnft-.ndad b«»a-ooluMn« »• Xrt.Al8.274 took 
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b 



O O 

« J0 tr/i) h 



Elastically Restrained End 

Instead of being, fully fixed, the 
end may be elastically restrained as 
shown by the "torsion spring", k, in Fig. 
C2.2o, which has a value in in- lbs/radian 
This results in a smaller buckling load 
than when fully, fixed = 



(a) Load directed toward "o" 
m * a/ta ■+• L) 



& if© 



(b) Load directed from "o" 

m w (L + LoJ/Lq 

Fig. 02. ac Free-Ended Column Having an 
Elaatlcally Restrained End 

For this case, as shown In Ref.4, the 
buckling load is given by the equation* 

v PmL _ n 

K " 1 - m(l - (L/J)ctnL/j) " ° 

P cr - is found by successive trial caleu- 

* DarlTod br «sln« tha soaont distribution iroeeiux*. 
When m = 1 the equation beooines simply k - pjtanL/j = 0 



latlons as follows. For a given k and m 
one assumes a value of F, calculates J 
and UBes these values in the equation. 
When P = Per the equation is satisfied. 

For the special case where a or U 0 ls 
infinity, so that m =■ 1.0, P cr can be de- 
termined directly by entering Fig. C2.kk 
with kL/EI, obtaining the value of C and 
calculating P or as 

P cr = Grfxi/l? 

Note that when k = c ^' (fully fixed) C=.25 
as given in Fig.C2.2. 

It must be remembered that in all 
column calculations E is Et, which de- 
creases as the compressive stress ex- 
ceeds the proportional limit. Also, when 
the column has an unstable (thin) croas- 
Bection E is an "effective" modulus? To 
determine it one finds the buckling 
stress from the modified column curve 
(Art. 7. 26) and then calculates it as 



E eff = F cr 



For free-ended columns Flg.C2.17 is ap- 
plicable only when m = 1.0 

If the column has lateral loads or 
an initially bent shape it becomes a 
beam- column. Free-ended beam-columns 
are discussed in Ref.4 4 aiso Table as. 1a, case 17. 

Example Problem 1 

For a column as in Flg.C2.2a(a) assume 
that a = 30", L = 30", E, — 10.5 x 10* 
{7075-T6 Extrusion, p.Bl.ll), I = .191, 
A » .50 sq in and a stable cross- section 
What is Per? 

m s= 30/(30 +■ 30) = .50. Per Fig.C2.2b 
f or m = .5, (L/j) or = 2.03. Therefore, 

P 0 r= 2.03 a (10.5xLO b )(.19l)/30 !! = 9183 
F or - <U83/ .50 = I8366 



Since F at .< Prop. Limit, Et= E as assumed. 
Example Problem 2 

Repeat Example 1 assuming the fixed end 
is replaced with an elastic restraint of 
k =. 50000, as in Flg.C2.2c. This must be 
solved by successive trials. 

Trial l: Assume P, 



- .5rr g El/4E* - 4399 

„ , —, y -"XT! 

= 21.35 and L/J a 1.405 
Then 50000 - j- 



Then J = yEI77ayja$> * 10^ ( .191 J/4399 

— nl 7t T /l — T iiOC 



• 3«o Art. C2.16 



.5(1 - 1.4obctnl.405) 
=. -56849 (5^0) 
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EFFECT OF SHEAR ON COLUMN BUCKLING. 



MULTISPAN COLUMNS 



After several more .trial's;. It is found , 
that when P is 2622 the equation ;is sat- 
isfied, so this is the critical load, as 
follows. 



J = "VlO.5 x 10"( .19D/2622 = 27.656 

L/J > 30/27.656 = 1.08*8 / 

crwW) . 2622( .5H?0) 

5° 000 " 1 - .5(1 - l!oS48ctnl.0848) 

= -4.7 which is essentially zero. 

So this particular elastic restraint has 
reduced the critical load from 91*8 for 
a fully fixed end to only 2622 lbs. 

C2.3» The Effect of Shear on Buolcllng Sirs b a 

Equations (1) and (2) of Art. 02.1 
consider only the -bending stiffness of 
columns." yfhen a beam bends because of 
applied transverse, loads arid the result- 
ing bending moments, the usual deflec- 
tion formulas consider only the bending 
moment. There is, however, an addition- 
al deflection due to shear. For example, 
a simply supported beam of uniform EI 
having a load, Q, at mid- span will have a 
maximum deflection given by 

. y - fttf /48EI + nQL/4A0 ,. 

The first term is due to bending and the 
second term is due to shear, where n is a 
form factor which depends.; upon the shape 
of the cross-section. This is usually 
negligible, but as n increases due to a 
thin or perforated or. otherwise more" , 
flexible web It can become significant". 

For a column there is no applied 
transverse load, but a shear load is gen- 
erated by the axial load as the , column 
takes on a bent (buckled ) shape , as shown 
in Flg.C2.2d 



Fig. C2.2d 



Shear-* ^ 
Generation of Shear tn a Column 



At. any station the bending moment is 
M = Py and the shear in the member is 

V = dM/dx - Pdy/dX 

where dy/dx la the slope of the bent 
shape . Hence, for the uniform simply 
supported column the ' shear varies from 
maximum at the ends to zero at the--""" • 



middle where dy/dx, the alope, is aero. 
Consequently there is a shear in the mem- 
ber which, in effect, makes the column 
more flexible and thereby reduces the 
buckling load or stress. 

As discussed in Ref.5, for uniform 
columns the' buckling load, considering 

shear, is 

- ~V1 + 4hP»r/AG -1.0 
2n/AG 



cr 



where Per is the buckling load ignoring 
shear, n is the form factor for the 
cross-section, A Is the cross-sectional 
area and 0 is the shear modulus of elas- 
ticity (G - E/2(l+ u )) where u Is Pois- 
son'B ratio i The values of n for several 
cross-sections are shown in Table C2.2. 

Table 02.2 Orosa-Sectlon Form Factors 



CroBS- Section 


n 


Rectangle 

Solid Circle 

Thin Round Tube 

I -Beam or Rectangular Tube 


■ 1.200 
1.100 
2.000 
Area/Web Area 



n can be calculated for other cro se- 
lections as 



n s (a/i } X Q aA ^ > - 



... A 

where A is cross- sectional area, Q is the 
static moment .of; area beyond dA about the 
neutral axis and b is the width "at the 
neutral axl s . .. For ; . columns having >- lat- 
ticed struts (trussed columns or "batten" 
plates) or having perforated webs see 
: Ref . -5« r It is when the web becomes thin 
or. otherwise has less shear stiffness ' 
that the ooiumn buckling load is signifi- 
cantly reduced."*' 

02. 3b Xultlapan Columns 

. Unfortunately, this and most other 
textbooks do not discuss columns having 
more than one span. Such oolumns are eas- 
ily checked for stability by applying a 
1 in- lb couple at any "joint" (support) 
not having full fixity and carrying out 
the moment distribution procedure as dis- 
cussed and Illustrated in Art. All. 13 - 
All. 14 and Its example problems. If the 
successive carry-over moments at all 
J olnts become smaller ( converge ) the col- 
.umn is stable. The larger the axial load 
the " slower" the convergence. If they 
diverge at any Joint the column is un- 
stable. The critical load is that for 
which they do neither, found only by suc- 
cessive trial analyses, varying the axial 
*load>..used, in . each* moment distribution, w. 



• tor varying EI columns the tablet In Art.c2.6b 
oan be amended to account for ahaar, aee Bof.4. 



MULTISPAN COLUMNS 
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There are some helpful techniques 
for doing this In Ref. 4, including, some 
"quiet checks" for detecting instability- 
sometimes without the above procedure. 
Ref. 4 also contains numerous example 
problems for multispan columns including 
those on elastic or otherwise deflecting 
supports, those having free-ended members 
and those having varying loads and EI 
values within the spans. 

The alternative to doing the moment 
distribution analysis is to conservative- 
ly assume that each span is simply sup- 
ported and check each span individually. 
This is accurate only when all spans are 
identical, the two ends are simply sup- 
ported and the axial load is constant. 

"Quick Check" Instability Criteria 

l) The following can be done when each 
span is uniform and the axial load 
does not vary along the span (J is 
constant). If any span has a value of 
L/J greater than shown in Table C2.3 
the column is known to be unstable. 
If less than these values it may or 
may not be unstable, but a moment dis- 
tribution analysis is required. 

Table C2.3 Instability Criteria* * 



Type oi Knd Suport 




A. One end elaatically 
restrained, one end free 

B. Both ends simply . 
supported 

C. One end simply supported, 
one elastically restrained 

C. Both ends elaatically 
restrained 


TT/2 
if 

21T 



cal load is that for whichZSF= 0, 
found by successive trial values of the 
axial load.* 

Example Problem 1 



Is the three- 3pan column shown in 
the sketch below stable or unstable? 



1*0000 



EI « 1X10* EI = 2 x 1Q T EI - J X 10 7 



80 
SF 

xsr 

or 
cot 

FEW 
Sal 
COU 
Sal 
COII 
Bal 
COII 
Bal 

con 

Sal 



-29 — 
T7 



.40*. 



-.278 .677 . .677T.256 . 
3B*»10* 11.550*10* l.S5O«l(f|.768«10' 
1.166*10* 4.318*10* 



I/J»S.73 





0 0 



.♦76 
.1571 -.633 



33 
0 



385 



.867 



The analysis is carried out as shown, ap- 
plying a 1 in-lb couple to the joint at 
B. Note that the SC, SF and COF are om- 
itted at the ends, A and D, since they 
are simply supported and no initial mom- 
ents (FEM's) are present there f As the 
moment distribution process shows, the 
successive carry over moments (COM's) at 
all Joints are decreasing. Therefore the 
column Is known to be stable.*** 



Elastic restraint is provided by an 
adjacent span in a multispan column 
or by a torsion spring as in Fig.C2.2c 

2) If at any. Joint the sum of the stiff- 
ness factors, SSF, is negative the 
column is unstable (see the footnote 
for Art. All. 15b). 

The Two- Span Column 

The following applies not only to a 
two- span column but to any number of 
spans meeting at a common joint ( support \ 
If the outer ends of the members are ei- 
ther simply supported or fully fixed^TVetf 
(no ; elastlc supports) the column is known 
to be stable if at the common Joint ZSF 
Is positive.* If it is negative the col 
umn is known to be unstable. No moment 
distribution is,theref ore, required so 
the an alysis is quite simple. The criti- 

* And it criteria (1) aboTe ts mat 
• «• Tho listed. L/i -values are fur P ■ Per » O^BI/L* 

•■For any 3-span column, A BCD, having fixed and/or pinned ends 
(p.lSJ the stability can be checked as follows. 
If OFkCOEJ,,. DF c »COF <a < 1.0 th« column is atablo and vice versa 
■If. span BC is uniform then COFae - C0F sl ""*>» 



Actually ,' one should' always calculate the 
compressive stress, P/A, for each span 
and use the corresponding value of E^. (or 
E eff ) in calculating the value of J. Al- 
so, Ref. 4 contains extensive tables giv- 
the values of SC and COF to six signifi- 
cant figures (better than Fig. All. 46-47 ) . 

Example Problem 2 

Is the two-span column shown in the 
sketch below stable or unstable? 



-W- 



-60- 



120000,^ 



1 z 10 



I/J * *.38 



EI : 

T7T 



3 x 10 1 



■ 3.79 



SC 
ST 

xsr\ 



.078 -.897 
.312 X 10*1-1.79* * 10* 
-1.482 x 10* 



Proceeding as discussed before for the 
two-span column, it is seen that SSF at 
the common Joint, B, is negative. There- 
fore, the column is known to be unstable. 

By successive trials it is found that 
when the axial load is 93040 lbsSSF = 0, 
so. that is the buckling load. 



If the axial load were 16&750 to 219600 



• For & free-ended column when m = 1 (Fig.C2.2a) 
the S.P. is -PJtanL/j 

— •iraB.aa liaa .lMtl. Ixmaing r,.tr.lnt (..«., . t.nlon .prlng) 
la th..»oa»nS tlatrllmtlon vnfim (r Ulag til. iprlng eomtant-) 
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23T would be positive, indicating- stabil- 
ity , but' this would hot be applicable be- 
cause L/J for span BC would exceed the 
maximum (+.49+) allowed in Table C2.J. 
This is why the Table C2.3 criteria 
should always be checked first, before 
proceeding with any other analyses. 

In. summary, the moment -distribution 
procedure can be. used to check any multi- 
span column for stability. But before , ; 
doing this instability can be detected 
quickly per the criteria of Table C2.3 
and If at any joint £3F is negative. 
Then, for any two- span column if SSF is 
positive at the common joint the 'column 
la known to be stable if criteria (1 ) is • 
met. ; 

Uniform Two-Span Column Formula ; 

For the special case of a uniform 
member on three simple supports an ap- 
proximate formula for the buckling load 

w Per = *fEIi{2 - b/a)/a« 

where a is the longer span and b is the 
shorter span. When a = b (=L/2) the. for- 
mula is exact. When b becomes aero (i.e. 
as a becomes L) the error la only 2.k\% 
and 1 a . conservative ( one end becomes 
essentially fixed as a becomes L). • 



The. formula can .be verified numerically 
by calculations for a two-span column as 
previously illustrated, or .theoretically 
as in the book "Theory,; of Limit Design" 
by J .A. Van Den Broek (J. Wiley and Sons), 

C2.6a Stappad Column* 

These are a special case for which 
fjjrmu^^CbugkJU^ iftq.uat.lons) ..*re>. avail- 
able"' as discussed in, Ref . 7. Formulas 
are presented for the cases of simply 
supported members having one, two and 
three steps in EI. For more than three 
steps . the formulas become t°o lengthy for 
practical useage, ; so::a simple tabular 
calculation form is presented with an ex- 
ample problem shown. 

Since the equations . are transcenden- 
tal in form,, a. successive trials proce- . 
dure is necessary to determine the criti- 
cal load. This consists of assuming a 
value for P (and Et) .calculating any 
associated parameters and using these, va- 
lues in the equations. When the assumed 
P is Per t'fre equation will be satisfied.'" 



F cr ( = Pcr/A) should be calculated for 
each step to be sure that the values used 
for - Et (Flg.C2.l6) or E eff tArt.C2.i6) 
correspond to F or » which they must .* 

Sinde s it is possible for more than 
one value of P to' satisfy the: equations 
( quite • different values) , it is best to 
use a length-weighted average -EI , calcu- 
late a corresponding value- for P CI i as 
■TTEI/L 2 and use this as the initially as- 
"sumed value for P. For the Special cases 
of i'bhe- step and symmetrical two-step col- 
umns ^graphical- plots are available in' 
Fig. C2.21 and C2.22 for a direct deter- 
mination of Per- 

One - Step Co lumn ^ 

h + 



Fl5.C2.iaa. One-Stop Column jjfltfe? 

, •>.!•! VI-?. <■'!■. ^ Sv r^VjiVi •'■ . .■■ '• 

Two-Step Column 

i-lr-H- — L2 » j« . Li—. — 



,E 2 l2 



flS.CS.'isia :T*o-Step Coiuin 



~ -tan 



lit 



Ejl3 



where $ =■ L^ 



EUl 



Two-Step Symmetrical Column ' 



f 



-t- — ti- 



Pifi.C2.20a. Two- Step Symmetrical Column/ 
tan(LiYP/EiIi) x tan ( L 2 *y P/E 2 12/ 2) 

Ye 2 i2/e x ii 

Thr e e- St e p C olumh 



rfriTtf «»llx 1 



i'tfi.^iaOb'Thrae-Step Column J-r. 



• Those aquations are aaillr programed for rapid 
solution by soaputar or suitable oaloulatora. 

* *j4ji -"due kin* 
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Tanfli 



tan 



1 -- 



./3x 



tan£3 _ (3? tanflitanfotanfo 



#2 ~ 0) 



where j9 n = "V P/Enl n «»4 = ^n^n 



The equations are easily programmed 
for rapid evaluation using a suitable 
calculator (or computer). The derivation 
of the equations is available in Ref . 7. 

Columns Havlns More than Three Steps 

For these caaes (and also for 2 or 3. 
steps) the following tabular numerical 
procedure can be used, as illustrated in 
Table C2.4, It, too, Is a successive 
trials procedure (successive tables). 
One. assumes a value for P (and E) as sug- 
gested later and carries out the tabular 
calculations as shown. When the assumed P 
la P a r tne value in Col. 6 for the last 
segment, N, will be equal to the value in 
Col. 8 for the segment N-l multiplied by 
-1* Any number of segments can be used. 
The example below shows the last of seve- 
ral successive trials with different va- 
lues for P, the last being 79200 lbs. 

As discussed previously, to start 
with a reasonable value for P a length- 
weighted average EI should be used and 
P calculated as n^El/L . When Col. 6jj 
is less than -Col. Qn-I a larger value 
for P should be assumed for the next 
trial and vice-versa for 6jf > 




20- 



-10- 



4 x 10 7 



Fig. C2. 20o Data for Table C2.^ Example Problem 

Table C2.4 Stepped Column Analysis 



© 


9 


9 


© 


© 


© 




© 


5«©n«nt 


EI 




L 






(t«oL/1»/1 




a 






Uit 






©/ CS 


1- 0 n-l* Q 


1 
2 
■ 3 


1 xlo, 

a iitt 


11.237 
15.891 
22.407 


10 
15 
20 
19 


1,2JM 

1.3805 

1.2321 


13.871 

21.938 
27.719 
M.871 


.10985 
.08688 
.05*76 


13-871 
-174.582 
-13.907 



Since (Sk » ?cr - * 3 79200 lbs. 

As dlseussed for the formulas in Art. 
C2.6a, the proper values of E must be 
used for each segment.* 

C2.6b Numerloal Coluaoi Ar.*ly»»i 

Except for those cases discussed in 
Art.C2.1 through C2.3. Fig.C2.21 through 



C2.27 or other similar type data, a num- 
erical analysis is required to determine 
the critical load or stress. Art.C2.6a 
,; r . .. " presented a numerical solution 
for the special case of stepped columns 
on simple supports. The following pre- 
sents a procedure for any variation In 
shape and for simple and fixed supports . 

These procedures are in tabular form., ra- 
ther than as computer programs, since 
this gives a better understanding of what 
is being done. The procedures are, of 
course easily programmable for solution 
by computer. As before, the critical 
load is determined by successive trials, 
which means successive tables of calcu- 
lations. Example problems Illustrate the 
procedures.'* 

The basic procedure uses the method 
of discrete elastic weights (also called 
"Mohr'e Method" and the "Conjugate Beam 
Method") to replace the M/EI diagram and 
calculate deflections and Is due to New- 
mark, Ref. 6. The formulas for the el- 
astic weights are discussed in Ref. 4, 

Simply Supported Columns 

Referring to Fig.C2.20d and Table 
C2.5, the procedure is as follows.' 

1. Divide the column into several equal 
length segments, S, at least five or 
six segments, but ten or mors will 
give a more accurate value of P or . 

2. Assume (sketch) an Initial buckled 
(deflected) shape. Any initial shape 
will do (even two straight lines), 
but the more realistic it ia the soon- 
er the effort will be completed. 

3. At the station in (£) above which has 
the largest deflection, y, let its def- 
lection be taken as 1", and let the 
deflections at the other stations be 
proportional to this (per the sketch). 

4. Let P be one lb. Then at any station, 
n , the bending moment will be M n = Py n = 
y n , so the values in (3) above are en- 
tared in Col. 2. Positive deflections 
are upward and positive bending mom- 
ents produce compression in the upper 
surface, hence the minus sign used in 
the headings for Col. 2 and 4. 

5. At each station enter the value of EI 
in Col. 3« If there is a "step" In EI 
an adjustment is made to EI at the 
station nearest to the step, discussed 
later, and its EI is "flagged" with an 
asterisk to indicate this adjustment. 



•» To check for stability under a given load, P, use that 
, load. If 6jj < -8;j-i the column la stable, and vlee- 
. versa. A similar cheek can be made with the formulas. ■ 

Tapered portions can be subdivided into several stepped portions 



• Th««e (and other) tablaa are eaally programaed for 
rapid «olutlon by computer or suitable calculator!. 
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6.:. The "equivalent concentrated elastic 
loads'^ ( " elastic, weight s" ) are then' ■■ 

-■»■ calculated per the formulas below the 
table' for each station and are entered 
in Col. 5 . These formulas are dls- 
' .cus sed in Ref . 4. 

7«- The tabular operations are then oar-; 
ried out as shown, and a range of Per 
■ val.ue,s .la ^obtained in Col. 10. If the 
axial load .is below : this range the: •co- 
lumn, is stable , and if above it the 
column. l.a- -unstable * An average value 
for P cr is calculated as shown; 44,150 
lbs. Note that several checks are .' I 
made to. detect any errors made after 

, the Col. 5 data are calculated.- ■ Co- ' 
lumn 9 , ( and 8} defines a new shape 

. which will be different from that as- 
sumed in Col. 2. 

8. Using -the deflections in Col. 9 or In 
Col. .8, let the largest of these be one 
inch and get the others by dividing 

. their deflections by the largest de- • 
flection. Enter these in a second '' 
. table's; Col. . 2 and complete' the table . 

9. Repeat (8) as needed until the range 
of P cr values is quite small, and P a i> 
can then be taken as the average of ■ 
the values in Col. 10. • -n*' "■■ t 

10. If at any:.- station F or . (=F C r/ A ) ia aig- 
nif icantly above the proportional lim- 
i it stress ( or above any local buckling 
, stress ). the. value- of : Et- ( or E e ff )c used 
in the term EI must correspond to F or 
(or to the local buckling stress), 
which- can require more successive 
trial tabular calculations' ( Art . C2. 16 ). 
« :: i .. , ■ ■ : . r -- ■ ■•' ••■■'s ■■■>■-'• i - ■ 

Tables, C2.5 through C2. 7 illustrate 
the procedure. Three or four tables are 
usually. sufficient. For the example * ■ 
shown P cr - 45000 lbs per Table C2.7, 

i>f..,z . ~; (actually between 44200 and 
45900 lbs) . If the applied load were 
less. than 39300 the column- would be 
known to be stable after only the first ; 
table; Or, if more than 476 00 it would 
,be known to be unstable', without further 
effort. Using ten segments instead of 
five results in a more accurate value of 
Per •= - 44200' lbs. The values of Et. and 1 
of E e ff at any stress level'-are obtained 
as discussed in Art.C2.l5. 

Adjustment for a Step in EI 

Referring to Fig.C2.20e, this Is 
done to keep the tabular... operations 
simple. 



j_r 



Fi5.C2.209 Adjustment for a Step Geometry 

1. Let the station nearest to the step be 
M n" and that on the other side of the 
step be 



2. Calculate 



3. Calculate. 

4. Calculate 



R — EI av - Enln 
(S n In) 9 ff =■ E^In + (l-2a/S)R 



5 • Use (Enln) eff in. Column 3 for station 
n. Note that If. the > step is midway 
, between n and m, (E n In)eff -= En In so 
. , hp adjustment is necessary s If a - i 0 
then (E n I n ) e ff = EI av * 
. !' ■ , '■' ,. s. ft ■ .. r ' -x: 

Example - Js vp<* ': •■■ 

<Cf hm^villMVi '/n9ft|to **t V-.l it . «.<•«.' 

For the column iri.FlSiC2.20d station 
3 . is nearest to the step, which is be- ■ 
t.ween stations 3 and 4 t a=:3.8" and ■- '""'' 
S -= 9.4". Therefore , EI at station 3 Is 
adjusted- as follows where n =.3 and m = 4 
in the above f ormulas., -E- - 10.5 x 10" 7 . 

1. n. = 3 and. m =.-;4. -s : 'a : v? ■'■ ' ; '* & " - - ; •■ L ? :3 w 

3. R = .75(10 7 ) ~ 1.5(10") - -.75(10 7 ) 

7 1.5(10') +(1-2x3 . 8/9 Mi -,75) (-10* ) 
- 1.36 x 10 r 

5 . Therefore 1. 36 x 10 7 ■'- is entered in 
- Table C2.5 for EI at station 3. 

Column Fixed at. the Left End 



The following procedure is used for 
a column fully fixed at It left end. If 
the right end is fixed, . rotate the column 
so that; it!- becomes the left end. The pro- 
cedure is the same as before except that 
a longer table is needed to account for 
the fixed end moments at the left end. 
The table is shown' as Table C2.8. 

The data in the table. are for' the 
member shown in Fig". C^SO'd* 'except that 
the left end is fully fixed. Therefore , 
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Assumed Deflected Shapes- a — a A" 

-EI=.4xlO T -~- 3-.T 

EI» \-^ Jx 10 " 




5 — 

= .5 xlo r < ^^ 3r 



FlS'Ca.aOd Slaply Supported. Varylng-Seotion Column 

to fi t 2 t 3 4* ' 5 



|«— a — «-| 

Elastic Weights and Reactions 



Table G2.5 Determination of P c r (First Trial) 



N a No. of Segments «5_ 
S = Length of Segment - 9.4 

^2= 7.36 



© 


© 


© 


© 


© 


© 


. © 


© 


© 


© 


Sta. 


M* -Py 


EI 




Eq. Cone*. 
El. Loads 


Mom. of 
Loads 


Unit . 
Slope 


Unit 
Def. 


True 
Del. 




n 


Data 


Data 


-©/© 


0inEqs. 


©*® 


*L- S ©n 


Z©n 


©x S a /12 


-©/© 




P = 1# 


x 10 " T 


x I0 7 


x 10 T 


xlO 1 


xl0 T 


x 10' 


x 10 7 
















> ■ 








0 


0 


.40 


0 


1.03 


a 




0 


0 
















15.17 








1 


- .40 


.92 


.435 


4.91 


4.91 




15.17 


101.7 


39, 300 














10.26 








2 


- .80 


1.43 


.559 


6.76 


13.52 




25.43 


187 


42.800 














3.50 








3 


-1.00 


1.36** 


.736 


9.59 


28.77 




28.93 


213 


46. 900 














- 6.09 








4 


- .80 


.50 


1.600 


16.73 


66.92 




22.84 


168 


47,600 














-22. 82 








5 


0 


.50 


0 


4.43 


22.15 




.02 


0 





*See formulas below 

2 

** Adjusted for step. 

EQUIV. CONC. EL. loads of col.© 

a} At Ends, Sta. O & N, 

© D = 3.5 x 0 O + 3.0 x © x - .5 
© N = 3.5 x © N + 3.0 x ©ff_i - 

b) At Other Stations, n, 

©n = ©a-1 ♦ *° * ©n ♦ ©n + l . 



.4 1176,600 



43.45 



136.27 



PCR AV = «, 150 



CHECKS: 

-©N-l + ©N = R R 
®N -° 



*®2 

-5 x © N _ 2 



True slope = Unit slope x S/l2 
Slope at. left end - R L * S/i2. 
Slope at right end = R R * 



Beam Sign Convention 

( + ) Loads act upward 
(♦) Reactions act downward 
(*) Deflections are upward 
(♦) Slope is up to the right 
(+) M puts top in compression 
(+) Axial load is compression 



The development of the calculation tables is "shown in Ref. 4 
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Table C2.6 .Determination of P or , (Second Trial) 



N - No. of Stpncnts m jS_ 
S » Length ol Segment » 9.4" 



® 




® 


© : 


© 


© 


© 


© 


© 


@ 




M = - Jr y 




Mq 
"~eT 


Eq. Coric* 
El. Loads 


Mom. of 
Loads 


Unit 
Slope 


Unit 
Del. 


True 
Det. 


P CR 


& 


Data 


Data 


-(2)/® 


©in Eqs. 


(EKE) 


RL- 2©„ 


2©n 


©xS"/12 


"©/© 




P= 1# 


x 10- T 


x 10 7 


x 10* 




' x id 7 


x 10 7 


x 10 T 
























0 


0 


. 40 


o 


■ 1. 25 


o 




o 


o 
















16.14 








1 


- .478 


.92 


. 519 


5.80 


5.60 




16. 41 


121 


39, 500 














10.34 








2 "•" 


r .879 


1.43 


.613 


7.29 


14.58 




26.75 


197 


44, 600 














3.05 








3 


-1.000 


1.36»* 


.736 


9.55 


28.65 




29.80 


219 


45. 700 














- 6. 50 








4 ■ 


- .790 


.50 


1.580 


16.54 


66.16 




23.30 


171 


,45: 200 














-23.04 








5 


0 


.50 


0 


4.37 


21.85 




.26 


0 





■^ .IJse applicable fornmla 
** Adjusted for step 



44.80 



,137.04 



R R 



H 



137.04 



= 27.41 



2© - R R - 44. U - 27.41 - 17,39 



Table C2.7 Results of Third Table of Calculations 



4 1 176, OOP 

Pcn AVf 44,000 
CHECKS: 

Same a a before 



nation- 


....... g.. ... 


.-'1 


2 "■■ 




— -A 


b 




- r o 


-.553- 


■-7&oo- 


-1.000 


-.781 


" o 






44200 


44700 


45200 


45900 





when sketching the assumed initial buck- 
led shape Its slope at the left end should 



be zero, to be realistic. The unit va- 
lues (due to the left end fixity ) in 



Assumed Deflected Shape—*- a — o 4" 

^ EI ■ * .4 xlO* >- 3 ~» . * 

V .- . " EI--1-.S ,x 10 T % . 




Flg.C2.20f Left End Fixed Varying- Section Column 
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Elastic Weights and Reactions 

Table C2.8 Determination of Per (First Trial) 



© 


© 


® 


© 


© 


© 


© 


© 


© 


© 




@ 


© 


03 


© 


.' © 


Sta- 


M— Py 




El 


-M/EI 




Eq. Cone! 
Loads 


Eq. Cone! 
Loads 


Mom. of 
© 


Mom. of 


ml 

Loads 


total 
Loads 


Unit 
Slope 


Unit 
Def. 


True 
Del. 


p CR 


ll 


Data 


Unit 


Data 


-©/© 


-©/© 


(i)in Eqs. 


©in Eqs. 


©[«"©] 


©[»-©] 


©'Ml 


©*© 


: z © 


2© 




-©/© 






|x 10-' 


x 10 T | x 10" 


x 10' 


x 10 T 


.1 10' 


x 10' 


x 10' 


x 10 T 


x 10' 


x 10 7 


x 10 7 




0 


0 


1.0 I .40 


0 


-2.50 


.43 


-11.15 


2.17 . 


-55.75 - 


- -5.64 


- 5.20 




0 


0 




























5.20 








1 


- .20 


.8 


.92 


.218 


- .87 


2.60 


-11.62 


10.40 


-46.48 


-5.6S 


- 3. 28 




5.20 


38.3 


52. 100 


























8.48 








i 


- .60 


.6 


1.43 


.420 


- .n 


5.15 . . 


- 5.36 


'15.45 


-16.08 


-2.71 


2.44 




13.68 


101 


59. 300 


























6.04 








3 


-1.00 


.4 


1.3S" 


.735 


- .29 


. 9.57 


- 3.72; 


19.14 


- 7.44 


-1.83 


7.69 




19*72 


145 


69.000 


























- 1.65 








4 


- .90 


.2 


.50 


1.BO0 


- .40 


18.74 


- 4.29 


18.74 


- 4.29 


-2.17 


16.57 




18.07 


133 


67.600 


























-18.22 








5 


0 


0 


.50 


0 


0 


5.03 


- 1.04 


0 


0 


- .52 


4.51 




- .15 


0 





- 65.90 



" L " 2© '." -130.04 

Rl = o Rr = 



506 

2) 



41.52 65.90 -130.04 -18.80 22.73 

CHECKS: 2 (?) V 2 © . 2 © ; © N -i - © N - - 2© ; 
41.52 - 18.80 - 22.73 ; -18.22 - 4.51 - -22.73 ; 



4 | 248, 000 

© H ' " 0 
-.15 « 0 



Boto that Mom, of (?) (and(s)) is calculated differently for this case (about the right end), 
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Table C2.9 Determination of Par ( Second Trial) 



CD 


cy 


(3) 


vi» 


(i» 








(£J 


(10) 






[13J 


$3 


(iS) 


/fa 

(lg 


Sta. 


M - 


Mm, 


El 


-M/EI 


-M^/EI 


Eq. Cone. 
Loada 


— «- 

Eq. Cone. 
Loads 


Mom. of 

(T) 


Mom. of 

© 


ml 

Loads 


Total 
Loads 


Unit 
Slope 


Unit 
uei. 


True 
Del. 


P CR 








x 10-' 


x 10 7 


.t 10* 


x 10' 


x 10' 


x 10' 


x 10' 


_jc 10' 


x 10' 


x 10' 


x 10' 


x 10' 




0 


0 


1.0 


.40 


0 


-2.50 


.60 


-11.15 


3.00 


-55.75- 


-6.20 


- 5.60 




0 


0 




























5, 60 








l 


- .26 


.8 


.92 


.28 


- .87 


3.29 


-11.62 


13.16 


-46.78 


-6.46 


- 3.17 




5.60 


41.2 


63. 100 


























8,77 








2 


- .70 


.6 


1.43 


.49 


- .42 


5.91 


- 5.36 


17.73 


-16.08 


-2.98 


2.93 




14.37 


105.7 


66, 200 


























5.84 








3 


-1.00 


.4 


1.36™ 


.73 


- .29 


9.63 


- 3.72 


19.26 


- 7.44 


-2.07 


7. 56 




20.21 


148.7 


67. 200 


























- 1.72 








4 


- .92 


.2 


.50 


1.84 


- .40 


19. 13 


- 4.29 


19.13 


- 4.29 


-2.39 


16.74 




18.49 


136. 1 


67. 600 


























-IB. 46 








5 


0 


0 


.50 


0 


0 


5.16 


- 1.04 


0 


0 


- .5B 


4. SB 




.03 


0 




* See Table C2-5 z - «72 72.28 -im.<m -20.68 z3.o< * 

II II "7(9} _ in ia — — ' — — ~— — 


264, 100 



Columns 3i 6 » 8, and 10 do not change In 
successive tables. For any station, n, 
the entry in column 3 is 1 - n/N where N 
ia the number of segments used. Hence, 
these decrease uniformly from 1.0 for 
station 0 to zero for station N. Columns 
1 through 10 are completed, then Ml Is 
calculated as shown and the rest of the: 
table is completed. For the member in 
Fig. C2.20f using five segments P cr is 
found to be 66025 after two tables are 
completed. A third table would reduce.: 
the Bpread in the Col. 16 values for P cr , 

Column Fixed at Each End 

The procedure is the same as for the 
previous left end fixed case except that 
additional columns are needed to account 
for the fixed right end. The initial as- 
sumed buckled shape should be sketched in 
with zero slope at each end to be realis- 
tic. Table C2.10 shows the procedure. 

The values entered in (ttyl . 3 , 4 , ? , 8 
ill, 13* 1^ do not change in successive 
tables. For any station, n, the entry in 
Column 4 is n/N, where N is the number 
of segments used. Hence, these entries 
increase uniformly from zero at station 0 
to 1.0 at station N. Columns 1 through 
14 are completed; then Ml and Mr are cal- 
culated and the rest of the table is com- 
pleted. Using five segments the buckling 
load, P cr , la found to be 172250 lbs 
after two tables are completed. More 
tables would give more accuracy. The 
suggested, checks should be made to detect 
any errors made after Column 11. 

These tables, with a minor change, 
are also used to determine the bending 
moments in beam-columns with a varying EI 
as discussed in Art. C3.18. The value of 
Pop for the member 33 a column can also be 
calcul ated aa shown in Table ;C3.6*». 

• Sao footnote on p.l4. 
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Other Uses of the Tables 

For a complete discussion of the 
.tabular method development, the "equiv- 
concentrated elastic loads" and addition- 
al examples see Ref . 4 (described in Art. 
Al8.27a) which also discusses the follow- 
ing applications. 

1. Axial loads between the ends 

2. A column consisting of two pieces 
connected by a torsion spring (which 
could also be a splice). 

3. Multispan oolunms having one or more 
■ spans of a varying EI 

4. Free-ended columns having a varying EI 

5. The numerical determination of carry- 
over factors and stiffness factors 

6. Multispan columns on elastic supports 
which may be present as either dis- 
crete isolated supports or another 
beam or column. 

02 .So Colunna Having an Initial Bant Soapa 

When a column has an initially bent 
shape as in Fig. 02.40 the axial load 
will generate a bending moment along the 
column in the amount M = Py, where y Is 
the deflection of the bent shape at any 
station. The column may be uniform or it 
may have a varying EI. 



FlS.C2.l»0 Coluan With Initial Bant Shape 

Therefore, the column is actually a 
beam-column, as discussed In Art.C3.l8, 
Beam-Columns Having an Initially Bentf 
Shape" except that there are no trans- 
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Assumed Deflected Shape— ^ - _ _ A< 

-EI = .4 xlO 7 t' ±2±~»-':..">'>\ 




PlSiS2;205 Both Ends Fixed Varylng-Sectlon Column 
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Table C2. 10 Determination of P cr (First Trial) 
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verse loads and their initial bending mo 
rnents, Mq. Thus, the column would be an- 
alyzed as 'discussed there using an equiv- 
alent transverse loading such aa that in 
Fig.C3.33 or thereabouts. 

Actually, no column is perfectly 
straight although this is assumed in us- 
ing the numerous buckling load formulas 
and data, for P cr . Because of this many 
analysts and designers' maintain a small 
positive margin of safety when .the mar- 



gin is based on using, Pep. 

•* • :\- .. b& .' • . ' > '• •••• 

■ Therefore, an alternative approach 
is to assume an initial bent shape having 
a "bow", of L/800 inches or thereabouts, 
or of what the drawing specifies such as 
"straight within X inches" -where -X is us- 
ually on the order of L/800 or so. X la 
actually a tolerance for' deviation from 
straightness of tX inches, so the mean 
would bV"$X/2' aM'tbis would be used to" 
show a zero or positive margin of safety. 
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Then a check is made using X to be sure 
that there Is not a negative margin 
of safety greater than -.15 or -.25 (per 
Art. CI, 13b)* Sometimes X, rather than 
X/2, is used to show a positive margin, 
which is a conservative procedure. In 
any case a beam-column analysis is made, 

C2.7a Design Coluan Curres for Colunnfl with Non- 
Uniform Croas-3ectlons 

For columns with other steps the 
procedures in Art.G2.6a are used. For 
columns whose taper does not meet the 
requirements of Fig. C2.23 or C2.24 ei- 
ther a conservative assumption (adjust- 
ment) for the taper must be used or a 
numerical analysis as in Art. C2.6b is 
required. 

C2,Ba Column Fixity Coefficients C for Use Kith 
Columns with Elastic Side Restraints and 
Known End. Bending Restraints 



Fig.C2.25a and C2.26a provide the 
envelopes (for qaoo) for Fig. 02.25 and 
02.26. 




Fig. C2. 26a ^ 



C2.10a Solution Without Using Column Curres 

The inside scales for Fig. C2.17 
are not shown in the textbook. Fig. G2. 17a 
shows the inside scales for the ordinate 
and for the abscissa. . 

It must be understood that, like a 
column curve, Fig,C2.17 (and 02. 17a) can- 
not be used when determining the critical 
load requires using a parameter which ia 
also a function of E. This occurs, for 
example, with Fig.C2.25. C2.26, C2.27 
(and 02. 27a) where the parameter C is a 
function of E. This also occurs for 
other such data. In these caseB a suc- 
cessive trials procedure must be used 
(as in Art.C2.12, Case 2 Inelastic Fail- 
ure, Portion 2). That is, the value of E 
used in determining per the figures 
must also be the value of E corresponding 
to F cr s: P cr /A when the stress is in the 
plastic range (E is E+) or when local In- 
stability is present (E is E e ff). E-^ and 
E eff are discussed in Art.G2.16. 

C2.13a Column Strength With Known End Baitralnlng 
lomehts . 

Fig. C2. 27a is much more useful than 
Fig. 02. 27 since it provides curves^for 
numerous values of k and ki, where the 
symbol "k" is "u" in Fig. 02. 27 and in Art 
C2.12. The curves can be obtained by us- 
the moment distribution procedure. 

Referring to the example shown for 
Fig. 02.34, for each of the restraining 
members, AC* AE and AF the value of k is 
calculated as Its 4SC(EI)/L where SO is 
obtained aa C in Fig. All. 47, conserva- 
tively using the "far end pinned" curves, 
for tension or compression in the member. 
The total restraint at end A of the mem- 
ber AB will then be 

*A = ^AC + ^AE '+ kAE 

The same thing would be done at end B f or 
members BF, B& and BD to obtain kfl. 
Then having the values of k P cr for mem- 
ber AB is obtained by using Fig.C2.2?a. 
Note in Fig. All. ^? when L/j exceeds it 
for compression members C becomes neg- 
tlve for the pinned end case. 

This procedure is more accurate than 
that In Art.C2.13, but it is still an 
approximate one. For more exactness the 
procedure discussed in Art. All. 15b should 
be used. Many trusses are designed assu- 
ming- pinned joints which is generally 
conservative as discussed in All. 15b. 



2M- NON-DIMENSIONAL: DATA FOR COLUMNS 




Flg.C2.16a DImensionless Tangent Modulus Curves 




Flg.C2.17a Non-Dlmensional Column Curves 



B Is alsci"\/Fo a 7/F or where F cr = T^E/ii,//>f- , E being Youngs Modulus (not E t ) 
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Example Problem 



Proceding as discussed, recalculate 
F cr for member AB of Fig, C2. 3*4- assuming 
that the loads in the restraining members 
at ends A and B are due to an applied up- 
ward load of 3,000 lbs at Joint D, react- 
ed at A and B. The following table shows 
the calculations for k at ends A and B. 

labia C2.12 Oansratlon or stirfnaan Factors, k 



Horn- 

bar 


Load 


£1 
xlO"' 


. 1 


L 


Vj 


30 


k «= 43CEI/L 


AC 
AE 
AF 
BO 

ar 

so 


9000C 
4243T 
30O0C 
3OQO0 
4243T 

30000 


1.181 
.805 
.697 

1.121 
.805 
.697 


11.16 
13.77 
15.24 
19.33 
13.77 
15.24 


30,? 
42,4 
30.0 
30.0 
42.4 
30.0 


2.69 
3.08 
1.97 
1.55 
3.08 
1.97 


.30 
1.13 

.73 

.62 
1.13 

.73 


448,000) 

858,000^ S=li984,O00 
678, 0OOJ =!c A 
927 .0007 . 

858,000? 5=2,463,000 
678,ooqJ dc B 



Using Flg.C2,2?a, ^ ~ kg (the larger k) 
and k = k A . 

kiL/EI = 246300(30)/1,121,000 =6.59 so 
k/ki = .80 and C is obtained from Fig. 
C2.27a as 2.2, 

For this member D/t = 1.25/.058 = 21,6 
and per Fig.C^.9 its crushing (crippling) 
strength is quite high, 67500 psl. There- 
fore, the column curve of Flg.C2,3 for RT 
can be used without modification. For 
member AB 

L' = L/VC"= 39/V2T2 = 20.2 
£/f> = 20.2/.422 = 47,9 

Then, per the column curve, for member AB 
For " 53,000. This is slightly less than 
obtained per the Art.C2.13 procedure. 

If pinned ends were assumed for all 
joints then C = 1.0, Up = 30/. 422 = 71.1 
and F cr = ^3»000 (too small), but words' 
about bending failure in Art. All, 15b also 
applies here. If the truss has members 
subject to local Instability see Art. 
C2.16. Also If the members' b/t were 
large, say 9 or more, and of open section 
torsional buckling might be critical 
(Art.C7.3V). 
C2.16 Tha Use of Et and Egff 
The Tangent Modulus, Et. 

As the axial stress in a column be- 
comes increasingly greater than the pro- 
portional limit stress, the tangent modu- 
lus which is the slope of the stress- 
strain curve becomes successively smaller 
This reduction in E t is shown in Flg.B1.5 
(the curves on the right being Et) and 
also in the f ollowfcng^sketch, 

As discussed in Art.Al8.8, Shanley 



has shown and experimental data has veri- 
fied (Fig. A18.11 and A18.12) that the use 
of Et is justified for determining the 
buckling stress of columns. It is also 
used for beam-columns having significant 
axial stresses. Hence, the use of Et In 
Art.C2.1 and subsequent articles Is un- 
derstood. 

However It must be understood that 
Et is applicable only for columns of 
stable cross-sections (reasonably thick 
flanges etc.). That is, there must be 
no flange having a local buckling stress 
smaller than the column's buckling stress 

If there is then Et does not apply and 
an "effective" modulus, E e ff, must be 
used instead. It is smaller than £t> a ^ 

The Effective Modulus, E e ff 

. When any flange has a local buck- 
ling stress smaller than F cr for the col- 
umn,,assuming a stable cross-section, an 
"effective" value for E, E e ff, must be 
used, Eeff Is obtained as follows. 

A column curve is constructed as 
discussed in Art, C?, 25 and illustrated in 
Art.C7.26. Method 1 there is the most 
frequently used, followed by Method 2. 
Having this adjusted column curve "which 
accounts for the reducing effect of lo- 
cal instability, F cr can be obtained for 
any value of TJf*. 

However, when the buckling stress is 
determined for other than the above 
simple case it ia necessary to use Eeff 
which can be gotten as follows. For any 
value of F C r th e value of i/p is abtalned 
from the column curve and E e ff is calcu- 
lated as , . 

Eeff - F cr (LVy>r/TT 



Proportional- Limi.t_Stre3s[ \ 



It is for cases whe re Fcj» is determined 
using a "constant" which is a function of 
E that E e ff must be determined and used. 
Examples of such cases are Fig.C2.25, 
C2.26, C2.27, C2.W-"etc'; 1 In- the's^e -cases 
a successive trials procedure Is needed 
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(just as would be ,lf Et were applicable). 
That is, one assumes a value for Eeff » de- 
termines Fc r and. then determines the ralue 
of ..'Eeff corresponding to this F cr per the ■, 
above ( formula. If it is not the same (es- 
sentially) as the assumed E e ff another va- 
lue for E e ff is assumed and the procedure 
is repeated. This is repeated as, necessa- 
ry until the assumed value is essentially .; 
the. value corresponding to P CIf ,, .- This pro- 
cedure' is ,, similar' 'to that required when 
us ing Et '.'as : discus sed in Art. C2 .10a, E e ff 
is not used with beam-columns (only Et is) 
since ''tlie beam-column allowable, stress 
considers any local buckling effect when 
Method 2 therein is used. However, with, 
Method 1 E e ff would be used when local in- 
stability is present;,. ., see Art. C3, 18, 

C2.17 Additional Buckling Load Data 

This article provides additional 
buckling load data for various types of ; 
columns. It is generally self-eiplana* . 
tory. f ■ ; , . . " ^ .. ... ^ 

. >. I' • — N .• -4^^ ^ij^iiii"' :;,' ; -' -S . p . 
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Fig.C2.4-l Column On Elastic Foundation 
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Fig.C2.42 Column On .Elastic- Foundation 
With a Distributed Afclal Load 
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Fig. C2.43 Column With Intermediate Load 

" Note that the intermediate load, P ? , 
in Fig,C2.^3 must be located at the step, 
if .one exists.* The buckling equation is 



The critical, load combination,, 
called P*i and P*2 must be in 'the same 
ratio as the applied loads F^and P2 and 
are . found as'- follows; For the given 
loads calculate a - P1/P2. Assume F 2 Is 
P 2 and per the formulas find by succesive 
trials the value of P^ which satisfies 




* $ae "Pornulaa for Stress and Strain",, Boark and 
Xouns, 5th Edition, for rapid solution for 
nuaeroas cajus and end conditions. 



COLUMNS WITH ELASTIC END BENDING RESTRAINT 



27 



the equation and then calculate a 1 = Pi/P*2 
If a' / a assume a different -value of P2« 
calling It P^>, and repeat. Repeat as 
necessary until a = a. P'^ and P2 are 
then the critical load combination** The 
margin of safety is then 

M.S. = Pi/Pi - 1.0 (or F2/P2 " 

If F C r Is In the plastic range for either 

Per = CTT*EI/L a 

U.o 



portion then the value of Et must be usedi 
and the value of E t corresponding to P cr 
must be the same , essentially, as the 
value used in calculating it. {successive 
trials). If local Instability is present 
E eff would be used Instead of Et. The 
procedure Is, of course, much simpler 
for the special case where there is no 
step (Eli = El2)j<?*' P*-*' 




100 . 150 

kl 1b the larger of the two springs 



200 



Fig. C2.27a Constant Section Column Having Blast lcally Restrained Ends 



Note that interpolation for C "between 
the lines" is non-linear. For an exact 
value here , or for lc^L/EI > 200 , P cr can 
be found by successive trials, as follows 

1. Use the figure to get an approximate 
value of C and calculate P cr . 

2. Get the corresponding . values of j, L/J 
C0F and SF (= ^SCEl/L). 

3. Enter the values in the following 
buckling equation (see . Rcf, k for 
derivation of the equation),* 

SF 2 (COF) 2, + SF)(k + SF)) = 1.0 

^.If the left side of the equation 



• DerlYei ST ualne the noaent distribution procodur»' 



is < 1.0 assume a slightly larger va- 
lue for P cr and repeat steps (2)-C+); 
If > 1,0 assume a smaller value. 

5. Repeat steps (2 )-{*+) until the equation 
is satisfied and P cr is as assumed. 

The value used for E must cor- 

respond to E-t for F or when F cr 

is in the plastic range, or to Eeff, 

To check a column's adequacy under 
a given load enter its values of SF and 
COF in the equation. If the left side is 
<1.0 it is stable; if > 1,0 it is un- 
stable. See Ml')3a. for SC and COF values * 
The: k/ki curves' "In " the above 5 '" figure were 
generated using the buckling equation." 

■* if ki =00 (fully fixed) the budding equation i? 
SF + k = 0, so for stability L/J< 2tf and * >0 



*• or directly with an error of < 1% for the special case where Ei= E2 = E a nd 
Li=L2 with n= 12/Ii and a> (Pi + P 2 )/p! (K*f. S> p-ioo) 
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Table C2.13 Uniform Column with Distributed Load ana End Load' 
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1.404 ■ 















„. . The above data are used as follows. For a given P, . the crit- 
ical value of q is found. Or, for a given value of q the critical 
value of P is' found. Positive valueB for the loads act as shown; 
'negative values act in the opposite direction. If P >P e 
then q cr will be negative. If q > q cr (for P=0) then P cr will be 
.negative. 

For. a given q ? cr is found as follows. , 

,1. Compute ? e using the equation in Table 1 (20th row) 

■2. Compute "qL/Pe" observing the; proper:; sigh for q 

3. Obtain P/P e from either Table 1 (interpolating) or Fig. 1 

4; Compute P cr = P e (P/P e ) 

For a given P q cr (the maximum allowable value of q) is found as 
above, but using' P/Pe ' In step (2), qL/P e in step (3). and computing 
q cr = P e /L x (qL/P e > in step (4). ' ' 'V , W ; T'" ' 



Example 1 (For all cases L=50, EIslO*) 
■ p=50000, Case 3. What is q cr ? P e =2,04 
<1T/El/.Li) =80773, P/P e =.6l9. Per Fig .2 
qL/P e =1.05. So q C r=l. 05 ( 80773 )/50=1626 

Example 2 - 

P=-30000, Case 1. What is q cr ? 
Pe^'El/L 2 =39^78, P/P e =-.76. Per Table 
qL/P e =3.17. So q cr =3. 17(39^78)750=2503 



Example 3 

q=l 000, Case 1. What is P cr ? 
P e =39 i »'7 8 qL/P e =l. 6*. Pe r Fig. 1 
P/P e =.3 J *. So P cr =. 34(39^78)= 13423 

Example > 

P = 133000, Case 3. What , is q cr ? 
p_=80773. P/P e =1.65. Per Table 1 
qL/P e =-2.02. q cr =-2.02(80?73)/50=3263 



• For Bar.y"e<tsas of a Y«r7lag q sea Eoaric (p. 26 faotcots^ 
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.6 .7 .8 .9 - D (Valueu of n/m) 

I) - 1.0 is the top line 



k - Support spring 
constant, #11 n. 

L ■ Distance between 
aupuorts 

B-lcVP E 

D - n/m . 

m » Total number of. 
■pans of length L 

n - A positive Integer 
having values from 
1 through iri - J 



If k and/or L 
varies see Ref.4 



lb Determine P_ 



B 



1. 
2. 
3. 



Compute value of B. 
Compute all possible values of D. 
Interpolating between the above 
plotted values of D vlth the actual 
values of D in (2) and the value of 
B, find the smallest value of P^/Pj.. 
Compute ? cr - {Pop/PjJ^CPe) 




This data is .used to 
determine the mini- 
mum support spring 
constant required, 
fcmto> to obtain sim- 
ple support through- 
out. 

•OW^eXPaA.) 



Example 



NOTE: In doing step (3) above it is easiest 
to first simply find vhich one of the plotted 
values of D give the smallest P cr /PE- 3ben 
consider only the 2 actual values of D that 
are closest to this for interpolating. 

A quick conservative estimate can be obtained 
by only using B and the lower "envelope" of 
the nlottPd D values. 

Pig. C2. 4-5 Uniform Column on Equally Spaced Elastic Supports 
Having Simply Supported Ends 

m=a, so D=l/8, 2/8, 3/8, 



5 10 15 20 £5 
of elastic supports, m-1. 



No. 



For an eight span column having L = 20", 
EI = 10* , k = 1510 lbs/in what is the 
buckling load? Proceeding as outlined j 

P e =-rt* (10) 6 /20*=- ZH67k ~ 

B = 1510(20)^467^ = 1.22 



7/8. 



Per the above figure, P cr /P e - .705 

Therefore, P cr =2^67^ (,?05) = i7395 

To obtain simple support throughout k m j_ n 



= 3. 82 (-2467*0/20 = ^713 (then P 



cr 



P.). 
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END FRICTION EFFECTS. ' STATIC AND MOVING COLUMNS 



C2.1B End Friction Effects 

For pin-ended columns the presence 
of end fixity due to friction will affect 
the axial load carrying ability in two 
different ways. One is to increase it 
and the other is to decrease it. Such 
columns typically have ah end fitting 
which Includes either a plain (or s'pher-' 
leal) bearing or a roller (or ball.) bear- 
ing with a connecting bolt or pin. With 
plain or spherical bearings the end fric- 
tion can be quite significant, whereas ' 
with ball or roller bearings it is essen- 
tially negligible. 

The effect depends upon the manner 
in which the column functions. If it is 
a stationary column with no end rotation 
relative to its supporting structure 
(such as a column in a te siting machine) 
the effect is to Increase the buckling ; 
load. If It is part of a mechanism or 
structure where such a relative rotation 
at the ends occurs the effect Is to gen- 
erate a bending moment which reduces the 
ax ial load carrying ability. 

Stationary Columns 

For these the effect is to oppose '-■ 
any rotation at the ends (which occurs 
when a column buckles ). ; Therefore, the 
buckling load increases, but this cannot 
be used in design or analysis since it 
is not reliable. 

Moving Columns (End Rotation) 

These cases must consider the end 
friction since it causes end moments 
which reduce its strength. Fig.C2.iJ-6 
illustrates the two possibilities here. 



/ — Connecting Pin-' and Bearings 



Bod— y 



fiy^ ^ Crank 



Column (Hod) 



•Beam-Column ( Hod ) 



(a) 



irf 

N . u — Crank 



Column 



Beam-Column (Rod) 



F1b.CZ. *6 Column as Part of a Mechanism 



The two cranks and the rod, BC, are a 
mechanism which moves' as shown by the 
broken lines. For each case, (a) and (b) 
the "input" torque, -T, on crank AB causes 
the mechanism to move to the right and is 
reacted by the "output" torque at D. This 
puts rod BC In compression. The broken 
iihe s,. 8 how the relative rotation be twe e n 
the rod and the cranks. The axial load, 
P, and the end moments, Mi, due to fric- 
tion are ^ .shown ...for teach case. Note that 
case (b) is' more 'severe than Is case (a). 
The magnitude of the moments are calcu- 

lated as H - PCuD/2) 

uD/2 is the radius of the "friction 
circle " where 

u = coefficient of friction between 

the pin and the bearing 
D = Diameter of the connecting pin 

For most cases u , 20 but can be much 
higher if high-friction materials are 
used. .The axial load , F, actually acts 
tangent to the radius of the friction 
circle 1 as shown in Fig. 02.147 for the 
above two cases; 

■F . _ y— Load Line Rod — 



Friction Circle (a J 
Line 



Rod 



Kb) 



„ . c ,?-.^7 Load Line Tangent to Friction Circle 

Hence, the rod BC is a beam-column, due 
to the friction end moments, and there- 
fore will fail before its buckling load, 
Per can be attained. The bending moment 
along the rod can be gotten per Case I 
(or II) in Table' A5.1, arid the stress 
analysis made per Art.C3.18. If the 
friction effects are ignored there will 
be a bad "surprise" when an earlier than 
predicted failure occurs , particularly 
when P approaches P C r« 



References i (Add to those on p. C2, 18 ) 

>) Engineering Column Analysis, (see 
Art.Al8.27a) 
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6) Numerical Procedure for Computing Def- 
lections, Moments and Buckling Loads, 
Newmark.N.W. , Trans. ASCE, Vol. 108, 19^3 

7) "Critical Loads of Columns of 
Varying Cross Sec tSUtf Thompson, W.T. , 
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C3«4a The Coscone Simplified Procedure 

The following presents a correction 
and an addition to Fig.C3.8. 

1. The value of K for the tube in the 
figure should be 1.2? to 1.7. 

2. The first two sentences of the final 
paragraph are revised as follows. " 

If the calculated value of K is great- 
er than the ranges shown or greater, 
than, say» 2.0 for combinations an er- 
ror has been made. For the concave 
diamond shown in Fig.C3.7a,lf the shape 
is given as y = £ax" (for the left 
side) then.K = (9n + 3)(4n + 2}. For 
example, if n = 1 (a diamond) then K = 
2.0; if n = 1.2 (a slight concavity) 
then K = 2.03.t if n = 2 (a large con- 
cavity) then K = 2,1 1 if n = «*?(the 
maximum, but impractical , concavity ) 
then K » 2,25, the maximum value. A : 
four-pointed star would have similar 
values. The FIg.C3.7a data should be 
added below the diamond In Flg.C3.7. 

C3.7a Example Problems In Finding Bending Strength 

The following should be added after 
the end of Solution 1 of Example Problem 
No, 3. 

32,750 in-lbs not the predicted bending 
strength of the member. It is the first 
approximation. This is because the com- 
pression and tension loads (due to the 
compression and tension stress distri- 
butions) are not equal. They must be eq- 
ual since no applied axial loads . are 
present (see Art,C3.3i second paragraph, 
second sentence). In this case the 
stress distributions produce a compres- 
sion load of 32,780, lbs on the portion 
above the N.A. , but a tension load of 
only 23,350 lbs on the portion below the 
N.A. Therefore more calculations are 
needed assuming the N.A. is farther up 
from the section's centroid which was as- 
sumed to be the N.A. After additional 
trials, It Is found that when the N.A. Is 
assumed to be .42" down from the t°P» the 
compression and tension loads are essen- 
tially equal, and the allowable bending 
moment is 31 » 080 in-lbs. 

This applies to all allowable bend- 
ing moment determinations when the cross- 
section is not symmetrical (or when the 
tension and compression stress-strain ^ 
curves are .no.t assumed to be Identical), 
This discussion also applies to the sol- 
ution of Example Problems 3 and 4. 



ris.c3.7a 

Concare Dlaaoni 




In doing the plastic bending analyses the 
allowable compressive unit f/traiiv-.ls € = 
F oc /E, and this is at the mean line of 
the compression flange. 

However, a more realistic and larger 
prediction of the bending strength for 
members like the. above cases is presented 
in Art, C10, 15b. It is based upon experi- 
mental data and does not base failure on- 
ly on the flange allowable stress. 

C3.10* UiByuMtrlcaJ. Seat Ion With Ha 
Axle of Symmetry 

If the procedure in Art C3.10 does 
not give a positive margin of safety, the 
more exact procedure outlined in Art. 
C3.Ha should be tried, 

C3-11* Alternate Here Xxaot method for 

Complex Bending 

The steps used in carrying out the 
more exact procedure suggested in Art. 
C3.ll are as follows (for an unsymmetri- 
oal section with no axis of symmetry) as 
shown in Fig. C3. 27a. Referring to Fig, 
C3.27a, xx is the axis about which the 
applied bending moment is given. 




13* 



Fig. C3. 27a Unsymaatrlcal Section 

1. Assume a neutral axis, position, (X , 

2. Find the allowable plastic bending mo- 
ment about axis x'x'. This will re- 
quire several iterations, moving x'x' 
parallel to itself until the tension 
and compression loads on the cross- 
section are essentially equal, as in 
Art.C3.7a. This gives the allowable 
bending. moment about x'x', M a n x'x'« 

3. Find the moment of the stresses in 
(2) about axis y'y*. This gives the 
corresponding allowable moment about 

y'y* 1 Mally'y* • 

4. Resolve the moments Mail^Cx* an< ^ 
Mally'y' into moments about axes xx 
and yy to get Mallxx and M a i lyy . 

M allxx = Kallx*x. ,cosc * + M ally . y *sinc(. 

Mailyy = MallxV 81 "* + M a lly 'y'oosct. 



* Also see Art.C3.3 
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FLEXURAL SHEAR STRESS.. IN THE PLASTIC RANGE 



The left hand rule , shown lri'-Flg.C2.. 
2?l>, is used for any' set "of axes, ' 

5, Plot the point 'vMaiiTrr, Maiivv as shown 
in Fig, C2. 27b. yy 

6 , "Repeat steps (1 ) - (5 ) for several 
. other 'assumed values of (one of ' 

which can be <?<; = 0) to establish an 
allowable curve of Mallxx Ts », M a llyy 
as in Fig. C2.-27b, : '* It is only necess- 
ary to obtain-; that - portion of the 
curve (the solid line ) wherein the ap- 
plied moments are acting, as shown by 
. the' point "m x . and my?' In the figure, 

7, Using this plot, for any applied mo- 
ments, mx^and m yy , the margin of safe- 
ty can be determined as 



or, 



M.S. - ob/oa - 1.0 
M.S. = ob'/ba' - 1.0 



L. H . Rule 




PiS- 



M.S. — ob/oa - 1 s ob'/oa" - 1 

Cj;27b M.S. for Urisymraetrical Sactlans. 



C3«12a Fl«ituirii Steir Str»*« In tha 
Plastic Range 

In Art. C3 . 2 it was stated that in 
the plastic range the equation for the 
shear stress is CVQ/It. In the elastic 
region C = 1.0, but with plastic bend- 
ing it is larger, than 1.0 in the neutral 
axis- ;; region andsless : 'than 1 , 0 near the 
outer fibers. The procedure in Art.C3. 
12 for' calculating C is an approximate 
one . This is because flexural shear Is 
4K/4X, and when M changes in the plastic 
region, f m and f Q also change , which the ! 
Art,C3,12 procedure does not consider. 
Following Is the more exact procedure. 

c . For a given bending moment at a 
given, beam station one determines the 
corresponding values of f m and f Q by suc- 
cessive trials- as 'previously shown (f"b Is 
calculated as Mc/I). Or, for a symmetri- 
cal section one calculates ft = Mc/I and 
then assumes a strain, € , obtains f m and 



f Q and calculates fb = fm + <K - i)f 0 . 
This is ..repeated until the value of f b 
equals that calculated as. Mc/l. The pro- 
per values of f m , f 0 . fb and € are then 
known for the applied bending moment, M. 

Then,' at the point f m and € on the 
f™ curve one draws, a straight line - which 
lis .tangent to '"fche^' 'curve' and which inter" 
sect's the" ordinate , calling the value of 
f-j at, .the ordinate fm-v. - This is -repeated 
using 1 f 0 and the" f 0 curve ...calling the va- 
lue' of to at. the ordinate f 0 . This pro- 
cedure is illustrated in Fig.C3. 28c. 




; . .■■< !"'Fls»' 03,28= Datarmtaing-- fV and f' Q ' 

The' ebrrespondihg value of f£ is then 
calculated using, fjj, and. f 0 in the pre- 
vious formula. One then calculates. 

. ... .. ..- : . .-. . . ■> 

Afm=. f m -fm» Af 0 = f 0 - ?o; and Af D =~ f D -f D 

Fig.C3.28d illustrates all of the above 
stresses (along with Fig. C3. 28e ) . 

Afm h--H f a)H f b h H f b K 



Fig. S3.28d Plastic and Linear StresBBi 





JLA.-iJ 

, ' , -4 ,Af o ^- . 
Fig. C3-28e Hat Plastic , and Linear Stresaee- 

One then calculates the axial load on the 
section (on .one side. of. the N.A. ) due to 
the Af m and Af o stress, distributions, 
calling, this load P a and repeats this us- 
ing the At ^ and Af D stress distribution, 
calling this load Pb. C is' then calcu'l'a-' 
ted as ..... ". '- . 

c - P a /Pb 
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Exam-pie Problem 

Using the data from Example Problem 
2 on TJ. C3.10 and its associated curves in 
Fig.C3.19t calculate the shear stress at 
the N.A. given in Fig.C3.28 and also at 
the intersection of the web and flange. 

Per the example f m = 35,800, f 0 - 
19700 and € = .0222, Constructing the 
straight lines tangent to the f m and f 0 
curves at £ = .0222, these intersect the 
ordinate at f^ = 23,000 and f D = 13.000. 
f D = 39150 (p. C3.10) and 

f b = 23000 ♦ (1.17 - IH1300O) = 25,210 

Using the above stresses as prev- 
iously discussed, 

Af m - 35.800 - 23,000 ■ 12,800 
^fo - 19,700 - 13,000 = 6,700 
Af b = 39,150 - 25,210 = 13,9*0 

These are used as in Flg.C3.28d to cal- 
culate the axial loads. At the N.A., 

P a - l.375(.125)(12.800 + 11,930 )/2 + 
' .875 (.125) (11,930 + 6,700)/2 
= 3,1*3 

P b = 1.375(. 125) (13.9*0 + 12,198)/2 + 
.875(.125)(12,198 + 0)/2 
=2,913 

Therefore, C = 3,1*3/2.913 - 1.08 

This is slightly smaller than the 1.09 
value obtained using the, approximate 
procedure (p.C3.11), However, for other 
sections and other materials C is fre- 
quently much larger than- when the .approx- 
imate procedure is used. 

At the web to flange intersection, 

P a = 1.375(.125)(12,800 + 11,930) = 2,125 

P D - 1.375(.125)(13.9*0 + 12,198) = 2,2*6 

Therefore, C = 2,125/2,246 = .9*6 

CJ. 15 riald Stress Sending Modulus 

At limit load there must be no det- 
rimental yielding (Art.Cl.l*) which gen- 
erally means limiting the applied stress 
to the yield stress, Fty or Fgy. deter- 
mined as shown in Fig.Bl. 1. This allows 
the use of a yield bending modulus, Fby, 
which will be slightly larger than the 
yield stress. For the materials listed 
in Table C3.2 Fby can be calculated as 

Fby = f m + fo<K - I ) 



where f m and f Q are the values listed in 
the table under "Yield". These are the 
values at the unit strain, £ , correspon- 
ding to the yield stress on a f m and f Q 
vs € plot. 

For a material not included in Table 
C3.2 (or not in any other similar avail- 
able tables) the basic f m and f Q vs 6 
curves are needed. Fby can then be det- 
ermined by locating the values of F^y or 
F C y on the f m curve and dropping verti- 
cally from this point to obtain the cor- 
responding value of f Q on the f 0 curve, 
Fby Is then calculated as previously 
shown using these f m and f 0 values (f m 
here is the yield stress, Fty or F C y). 

C3.16 Rasidual Strassas following 
Plastlo Banding 

When a beam is loaded so that the 
bending stresses are In the plastic range 
and the applied loads are then removed, 
there will remain a residual stress and a 
residual strain in the beam. This will 
be largest at the extreme fibers. Those 
fibers which were loaded in compression 
will have a tensile residual stress, and 
vice-versa for those which were loaded in 
tension.. The residual stresses can be of 
importance when doing fatigue or fracture 
analyses and can be determined as follows 

It is necessary to have a "K-curve" 
where K is the shape factor (2Qc/I) for 
the cross -section being analyzed. For 
such a curve see Fig,C2.19 where the 
curve for K = 1.17 is shown. It is also 
necessary to have the f m (stress-strain) 
and f 0 curves. The K-curve is generated 
as follows for any selected value of K. 

1. Select a unit strain value, 6 . 

2. Obtain the f m and f Q values at the se- 
lected £ . 

3. For the selected K value calculate the 
bending modulus at this strain as ss 

Fb - f m + " D 

*. Repeat steps (1) - (3) for each of 
several values of£. 

5, Plot the points Fb» £ , draw a curve 
through them and label it K = (selec- 
ted value). This is shown in Fig, C. 29 
(the f m curve is for K = 1.0). 

For this K-tiurv'e the residual" stress and 
strain in the outer fibers can then be 
determined as follows. 
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Fig.C3.29 Determination of Residual Streas 



Symme tr ioal Gros s -Se c t Ions ■■-,,•'■.•". 

Re f e rrlng to Pig . C3 . 29 , calculate 
the bending stress ft, = Mc/Ii enter the 
figure with f D and. go across to the In- 
curve establishing the point A. Draw the 
straight line AB parallel to the linear I 
portion of the stress -strain -.curve and 
establish the point B. Then go down from 
point A to establish f m ^ on the stress- 
strain curve. The residual stress is - ' 

nvt r.fruxzs: _.&n»y-r. 
f res = f mi ~ f b 

The "residual, strain, e res ,-is that at 
. point 3. These, are the outer fiber va- - 
■ " lues , the largest values. The same pro- 
cedure 'would establish -the smaller values 
at any inner fiber; ,-: iS ,"i •■ w,-. r ! 

Unsymme tr i c al ... Cro s s -5e c 1 1 ons . . .. 

v •' r* -."Js-.'is.'; smuta ".rf-t "■■-:.'"■■ 

Referring to Fig . (b) of Art . C3. 7 , more 
effort is required since the neutral ax- 
is . is not the centroidal axis , and a suc- 
cessive trials procedure is, therefore . 
needed, as follows, ■ 

1. Assume an outer fiber strain, c x , for 
the portion with the most depth from 
the centroid, y. £2 is then known for 
the other portion as shown in the Fig. 

2. Proceed as discussed for Example Frob- 
. lem 3 in Art.G3.,7 and. also in Art. C3. 

?a to determine M = mj_ + mg (finding 
the correct 1 neutral axis). This re- 
quires successive trials, 

3. .Repeat steps (1 ) and; (2) for each; of; 
several other assumed, values of, •€4 50. 
that a curve of M vs €± can be drawn. 

W Enter -this curve with the- applied! mom- 
ent and obtain the corresponding value 
of e% m 62 will then also be known 
(step 1)\ 

5." Enter the appropriate plastic- bending 
curve with € j, go vertically to inter- 
sect the applicable K-curve to estab- 



lish point A. Then, in the same manner 
as for the symmetrical section, draw the 
line AB and determine the residual outer 
fiber stress arid strain for portion 1 of 
the cross-section* Then repeat step (5) 
using £'2 f°r portion 2 of the cross- 
section. 

C3.18 Beaai-Caluim. Anslj-ns 

This article presents "the procedure 
for doing the stress analyses' for uniform 
and also varying section members. 

.Uniform Single-Span Members 

For uniform single -span members num- 
erous formulas for the bending moments 
along the span are presented in Tables 
A5.1 and A5.1a, For any case not avail- 
able there (or by superposition of those 
cases ) , the bending moments can -always be 
calculated by using the tabular procedure 
presented later for beam-columns of non- 
uniform spans. Allowable -stresses and 
margins of safety are discussed .later. 

Multlsran Members of Uniform Spans 

For multlspan members where the 
spans are uniform but EI may vary from 
span to span, the' moment distribution 
procedure with axial load is used, as 
■illustrated in Art. All. Ik, to obtain the 
bending ^moments at ' the ends of each con- 
tinuous span. The bending moments with- 
in" any span 'are then obtained by using' 
these bending ''moments as applied loads 
(e.g. , Case II, Table A5 , 10) together with 
any applicable load case (e ,'g. , Case III, 
V etc. ) , using superposition of the re- 
sults (for the same axial load ) : . 

Vary lng-Sect Ion Single --5pan Members 

When 'EI -varies along the span the form* 
ulas for uniform members in Table A5.1 
and A5.1a cannot be used. In such cases 
a numerical procedure is required. to de- 
termine the moments within the span. 
This is done by using the same tables of 
calculation as for vary ing-sect ion col- 
umns in Art. C2. 6b- 1 Tables C2.5, C2.8, and 
CZ- JO) , except that the bending moments, 
■■Mi', along the' span due to the applied ■' 
loads are ; used in Col. (2) of the" first 
table of ..calculations.'' ' At this point the 
reader should review Art. 2.6b as to how 
the tables and data are Used there . 

For the 1 beam-column the difference 
is that iris'teadr-'o reusing' an assumed shape 
for the first table one enters in Col. (2) 
the bending moment at each station due to 
the applied lateral loads and any end mo- 
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merits. These bending moments are deter- 
mined assuming simply supported ends even 
though end fixity may actually he present 
The procedure is as follows and applies 
for each type of table. 

1, Calculate the bending moment at each 
station assuming simply supported ends 
and enter these moments in Col, (2) of 
the first table, calling them Mq since 
they are for the applied lateral loads 

2. Complete the table (as discussed in 
Art. C2.6b}ibut eliminate the last col- 
umn for P, 



30000* 




17 — A 10-H 

iooo#| \ 



30000 # 

)0# [ 



• or* 



3. 



Same bean aa In FlB.C2.a0d 
'500# lOOOfC 

Fls.C3.32 Boam-Column 

The bending moments at the six beam sta- 
tions, 0 - 5t are, from statics 



Multiply the true deflection at each 
station by the axial load, P, and en- 
ter this moment in Col. (2) of the 
next table, Table I, reversing the 
sign (because of the sign convention) 

k. Carry out another table of calcul- 
ations, Table II, as In (2) .and- (3). 

5. Repeat again, Table III, ate. 

After several tables are completed the 
final bending moment at each station, n, 
can be computed as"* 

M n = Mq ♦ «! + M ir ♦ ••••M N /(l-M Kn /M N ) 

This is a geometric series where the sub- 
scripts refer to the calculated table, Q 
being the first and N baingthe last. 
The value of M is taken from Col. (2) of 
each table, and Mjj+j_ is obtained by mul- 
tiplying the true deflection in the last 
calculated table, N, by the axial load. 
Usually three or four tables are adequate 
Unless the axial load is quite large the 
deflections decrease fairly rapidly in 
the successive tables (if P Is greater 
than P cr the deflections will increase 
and are meaningless). If the axial 
stress, P/A, on any segment is greater 
than the proportional limit stress the 
tangent modulus, Et (not E e ff) must be 
used. The geometric series converges 
only if P < 

Per as a column. 

The procedure is illustrated for a 
simply supported member In the following 
example. For members with end fixity the 
procedure is the same except that the 
table will be longer.** 

Example Problem 

The member in Eig.C3,32 is a beam- 
column subject, to the applied loads as- • 
shown. 



M 0 = 0 
M x = 4,700 



M 2 - 9,^00 
M3 = 10,000 



Mif = 9,^00 
M5 = 0 



These values are entered in Col, (2) of 
Table C3.3 and the table is completed as 
shown. Note that this table is of the 
same form as Table C2.5 (Art.C2.6"b) ex- 
cept that the above moments are in Col, 
(21 and Col. (10) is eliminated. The de- 
flections in Col. (9) are then multi- 
plied by the axial load, 30,000 lbs, and 
these moments are entered in Col. (2) of 
Table C3.4, reversing the sign, and that 
table is completed as shown. 

Table C3.3 Seea-Colunn numerical Analysis, First Tibia 



*t* 3er footnote on p. 14, 

* Can also be used for final deflections and slopes, 
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See Table C2.5 for aalcttlatlon notes and procedure*. (Art.C2.6b) 



Table C3.4 Bean-Coliaui Bttaarloal Analysis, Second Table 
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See Table C2.5 for calculation notes and procedures (Art.C2.6b) 

Two more tables were completed and the 
results for all four tables are summar- 
ized in Table C3.5» showing only the va- 
lues of M and true deflection for each 
station. 
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Table C3 ■ 5 Results of Tabular Calculations 
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The final "bending moments at each 
station are calculated using the geomet- 
rlo series, as s. hown in Table. C3 .6 . 
Col.tlO) shows the calculation of P cr , 
discussed later. 

Table CO. 6 Determination of Final Momenta and P ffT . 
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• See tex.t 



• *• See text. 



ATerage^ ?cr ~ ^507.5 



End Fixity 



If one or both ends are fixed the 
same procedure is used with the longer 
calculation tables, like Table C2.fi and 

C2.10* • %{? ; ' •;• 

Critical Axial Load 

The critical axial load for a beam- 
column is the same load as if it we're a : 
column . (no bending moments). The maximum 
allowable axial load for a beam-column is 
less : than the critical load. since earlier 
failure will occur by bending due to the 
applied lateral loads or moments. The 
critical load for the above member is 
1*5000 lbs and the axial load is 30000. If 
it were larger the bending moments would 
Increase , and as it approached the criti- 
cal load the. moments would approach lnfiri- 
ity. . Of course, bending failure would oc- 
cur before this could occur. - 

Calculating £ c:P ' from. Beam-Column Data ' • 

V: The data in the beam-column calcu- 
lation tables can also be used to easily 
and quickly calculate P cr as follows. ' At 
any station 

Per = P(M n /Mn+1> 

where N is from the last calculation Table 
and Mn+1 is as discussed before. For the 
above example P cr is calculated in the 
last, co lumn -of Table' 23^6' and' is, for ex- 
ample, at station 2 



cr 



30,000(2850/1890) = 1-5.300 lbs 



Note that the i small- range ln.P cr values 
is similar to that in Table C2, 7, The 
formula for P cr is discussed In Ref.3 «.. 
(Art.Al8.27a) and applies only when all 
segments of the member have the same 
value of E (i.e., in the elastic range), 
for P/A). 

Salvaging Tabular Calculations for 
Changes in the Applied Loads ; 

The results of the tabular calcu- 
lations can be used for changes in ap- 
plied loads as long as two conditions 
are met, 

1. E is the same for all segments (P/A 
is in the elastic range ), 

2, All lateral loads change by the same 
factor, - ' 

This can save much effort by hot having 
to repeat the tabular < calculations . The 
procedure is as follows, 

1, Let the final moments from the tabular 
calculations be ' 



M 



N- 



2. Let the factor for the change in (all) 
lateral loads be L „,,.,,,, 

3. Let the factor for the. change in the 
axial load be K " ■ 

4. The new bending moments along the span 
> at each station will then be 



Mq = LM Q 1 Mjf = LK 2 Mf I 
Mj = LKMj ' M' 



M 



'III " M III 
Or, for any Table , n, starting with Q 

as n = 0 , '■ ' - :■■ 



IV 



LK^ Mjy 



n 



These are used to determine' the new, ., 
' final 6 bending moments ( i.e. , by rer '.' 
replacing the;: Values., in Table C3.6). 

Example Problem 

• Repeat 'they previous example problem 
if P is incrWsedtb be " 39 , 000 lbs and 
the lateral ibads. are increased by a fac- 
tor of 1.2. For this case L = 1.2 and 
K = 39000/30000 =1.3. 

Applying these factors in the spec- 
ified manner to the bending moments in 
Table C3 . 6 , "' the new final bending moments 
become the much larger values shown in 
Table C3.7, Note that although the ap.- 
plled loads have been increased by an 



* Which e«n «lao b« used to.e»leol»t» the ST. COP mni fZK't »a 
llloitritad In ths book of Art.AlB.27* 
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TT 
5640 
11280 
12000 
11280 
0 



5897 
9828 
11092 
8692 
0 



Moments Due 
" Will 



V 
535^ 
8639 
9613 
7483 
0 



to Increased Applied Loads 



IT 

1*666 
751 1 * 
8305 
64o6 
0 



«H13 
61*78 
7197 
5449 
0 



25670 
*3739 
4820? 
39510 
0 



Same 
as In 
Table C3.6 



average factor of only 1,25, the bending 
moments for those four stations affected 
by the axial loads have increased by a 
much larger average factor of 1.6l. 

Beam- Columns Having an Initial Bent Shape 



Sometimes for various reasons a 
beam-column may not be "straight" even 
before any loads are applied. For uni- 
form members, for which various formul- 
as apply as in Table A5.1 and A5.1a, the 
member should simply be considered to be 
straight and a lateral loading applied 
which produces the same bending moment 
along the span (assuming simple support- 
ed ends ) as does the axial load times the 
bent shape deflections at the stations. 
This is in addition to any actual lateral 
loading. Proper signs must be observed 
in doing this. That is, downward (-) de- 
flections result in a positive bending 
moment. Pig.C3,33 illustrates the pro- 
cedure, A single bend is shown in (a),* 
reversed bending in (b) and a smooth con- 
tinuous bend in (c). The "equivalent" 
loads for a straight beam are shown be- 
neath each of these. That in (c) is a 
good approximation. Thus, the loads con- 
sist of the equivalent loads and the ap- 
plied loads, and, the formulas of Tables 
A5.1 and A5.1a apply* 

For the case of a varying section 
member it is best to complete the first 
table Cfor the lateral applied loads). 
Then the bent shape deflections at each 
station are added (+ or -) to the true 
deflections calculated and their totals 
are multiplied by P to obtain the bend- 
ing moments for Col. (2) of the second 
table , This is done only once , for the 
second table . Additional tables are com- 
pleted in the routine manner. 

Approximate Formula for Bending Moments 

When there are no end moments the 
following formula can be used to estimate 
the bending moments along the span for a 
uniform, simply supported beam-column. 
At any station 

"final =,Mq/.C1 - P/P cr ) 

P cr is the critical load if the .member 
were a column. If F or (=P cr /A) is in the 

♦ Since there Is no actual transverse loading Kq - 0, 
so y f inai= -Mfinal/P at any station. 
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Bending Moment Diagram 
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Bent Shape and Axial Load 

if-* 6 — 
Bending Moment Diagram 
jS~ X » 8Pe/ L* ' (•ap proximate ). 
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H L =4Pe/L Equivalent Loading Hj^ 4Pe/L 

(e) 

Flg.C3.33 Bent Shapes and Equivalent Loads 

plastic range E-fc is applicable (but not 
E e ff), hence a column curve can be used, 
but not one having any crippling adjust- 
ment. Mq is the moment due to the later- 
al loads only. The formula is most accu- 
rate for a uniformly distributed load and 
least accurate'lfor a concentrated load. 

The formula can also be used whentte 
axial load is tension, adjusted as shown. 

Mfinal s Hq/(1 + P/P cr ) 

A tensile axial load reduces the moments. 

Other Beam-Column Considerations 

There are numerous other consider- 
ations which affect the bending moments 
generated in a beam-column. These are 
discussed in detail with example problems 
in Ref.3 (Art.Al8. 27a ) and Include the 
following topics. 



But conservative 
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BEAK-COLUMN MARGINS OF SAFETY. 



TORSIONAL MODULUS OF RUPTURE 



1. Axial loads within a span 

2. Elastic (rotational) end fixity 

3. Members with internal (flexible) 
splices 

4. Multispan beam-columns with ends 
spliced together, affecting fixed end 
moments, carry over and stiffness 
factors 

5. Multispan beam-columns having varying 
EI spans require numerical evalu- 
ation of fixed end moments , carry over 
and stiffness factors 

6. Multispan beam-columns on elastic sup- 
' ports and on, sagging supports 

7. Free -ended beam-columns 

8. Beams in tension having a varying EIj 
the: 'tabular procedure can be used but 
requires modifications 

Allowable Loads'- or. .Stresses and Margiris 
of Safety 

Following are two different proce- 
dures for calculating the margin of safe- 
ty for a beam-column. "For' a given case 
the larger of the two should be used. 

1. The following interaction equation 
{from tests of circular tubes) Is 

P/Fop + M/M ult = 1.0 

where P is the axial load, P cr is the 
buckling load as a column f M is the 
final beam-column bending moment and 
Mult is *he allowable bending moment 
per Art. C4. 17, c?.k or CIO. 15b. The 
, apparent M.S. (Art. Cl. 13a) is then ••' 

Vl.S. =■ 1/(T?/P cr .+ K/M u iti ~ 1.0 ' 

2, An alternate procedure is . • . . 

■ .M.S., = F C /(P/A +. Mc/I) -l.O 

where P and M are as above, F 0 is the 
outer fiber allowable compressive 
stress .' -determined as follows, and A 
is the cross^sectional area 

a) If the. beam section shape factor, 
K, is 1,1 or less then F c is the 
proportional limit stress* or that 
in (d ) if smaller. 



b) ? . If K is 1,5 or more then F c "is F 



cy 



. c) If K is between 1.1 and 1.5 .then F c 

• the prop. Halt «tre«* can bo found « whoro ro/Po.7 'or tho 
' n eur™ Is tongant to Uu n -avonm U Plx.C2.17a ■■" 



is determined by interpolating lin- 
early between (a) and Ob) above. 

d). If the section has a local buckling 
"' s tress (Art . Q5 . h , C5. 5 and C6.M 
less than in (a) - (c ) then F c is 
the' outer fiber stress correspond- 
ing to the local buckling stress at 
• the flange's meanlirie . -or^^ xs<? 

' e) For- cases where no" 'permanent./ set is 
allowed at some particular load 
level, such as at proof load for • ■ 
<*' ■ .actuator's, F c is' the proportional 

limit stress ? Method 1 above Is not 
applicable for this case. 

The margins of safety as calculated above 
are apparent, ones. ' 'The'" true' M. S. is cal- 
culated per Art.c4.23a: and C1.13a. 

... £ r j . ■ . « •. « .. i - *■ • ■■ 

Ck. 20a Torsional Modulus of Buptur* Curroa 

Art.C i +.20 discussed torsion stresses 
for only the case- of circular cross- 
sections. For other cross-sections plas- 
tic- torsion and "a torsional" modulus of. 
rupture also occur for .ductile materials. 
Following are methods for. determining the 
ultimate strength in torsion for such 
members. The formulas ; data and discus- 
sions in &xt ',k6.U through" A6 , 7 and in 
Table" A6 .3 apply only when the shear 
stress 1 - 'is 1 iiti 1, thenelas^id Tanged ., ' . 

Torsion in the, plastic range Is dis- 
cussed in Ref .4 and 5. For non-circular 
cross-sections the ultimate torsional 
strength is proportional to .. the volume of 
dry sand (or table salt) "that can be 
heaped upon the cross-section,, If. the 
cross-section has holes a special tech- 
nique 1 is" required, as discussed later. 

■ This volume of sand can be calcul- 
ated for only three types . of cross- . 
sections, a rectangle, a circle and a 
triangle , as shown in Fig. C4, 31. . . 




mare b fell A = Trlangla Area 

Tls. Flaalla Torsion Data 



The equation for calculating the ultimate 
torsional strength, T u it, when no local 
buckling can occur, as with very thin ,v 
tubes etc, is 



SHEAR BUCKLING OP PLAT RECTANGULAR ' PLATES 
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where F rs Is a reference stress which can 
be taken sls F su for the material or cal- 
culated per' Table V Is the sand' 
heap volume in cu. In. 

For other cross-sections without 
holes a cardboard template of the actual 
cross-section is made and sand is slowly 
poured onto the template until any addi- 
tional sand runs off. The sand is then 
weighed and the volume is calculated as 
V = weight/weight per cu in of the sand. 
Having V, T^^ 'can then be calculated per 
the formula. 

If the cross-section has holes the 
following is done to determine V, Snug 
fitting thin right cylinders made from 
thin paper are inserted in the holes, 
long enough to project above the volume 
of sand that can be piled on. The sand 
is then poured on as above , and the pap- 
er cylinders slowly pulled downward unr 
til their edges become contour lines at 
at the max. elevation, (a bit of practice '-. 
is helpful here ). That is, none, of the 
side area of the paper cylinders will be 
exposed. The weight of the heaped sand 
Is then determined. To this weight of 
of sand must be added the weight of sand 
required to fill the cylinders from the 
template up to their tips. The sand vol- 
ume can then be calculated as discussed 
previously and T u it Is then calculated. 
It is generally unconservatlve to deter.-, 
mine V simply by deducting from the . 
strength of the cross-section without 
its. holes the strength of solid sections 
having the cross-section of the holes, 
but this is sometimes done for rough pre- 
liminary estimates. 

Instead of using P su for F rs in cal- 
culating T u it» Frs can be determined as 
follows. For the alloys in Fig. C^. 17 . 
through C^.30 the torsional modulus of 
rupture, F s t for solid circular cross- 
sections can be obtained at D/t = 2. 
Then, alnceTVat" 2VF rs , F st = T u i t H/J, 
J «b TTR /2 and V = TfEr/24 one can solve 
for F rs as a function of F s t. By alge- 
braic manipulation 

Frs = .75F s t 

Table 9 shows the values of F s ti F rs , 
and F su for several alloys from the Fig- 
ures shown. F su is from MIL-HDBK-5. 
Table C4.3 Comparison of F rB and F BU 



Figure. 


Alloy 




F ra = .75F flt 


F su 


C4.17 


95 k9i Steel 


71.* 


53.5 


55.0 


C4.20 


180 Seel Steel 


142.5 


106.9 


109.0 


C4-.30 


7075-TS Forging 


58.7 


44.0 


45.0 


C4.28 


6061-T6 Tubing 


34.8 


26.1 


27.0 


C4.27 


2024-T4 Tubing 


49.3 


37.0 


37.0 



The values of F s t were obtained from Art. 
cV, 20."' They could also be gotten by do- 
ing torsion failure tests of rods having 
a circular cross-section. 

C4.23". Illustrative Problems Involving 
Combined Bending and Compression 

In Art.Cil-.22 Equation .C^.l^ does 
not give tine true margin, but rather an 
apparent one (see Art. 1.1 3a). Therefore, 
in Art.CtJ-.23 the calculated M.S. of .09 
is not the true margin which will be clo- 
ser to zero (but not negative ) . To find 
the true M.S. one must find, by succes- 
sive trials, the common factor by which all 
applied loads must be multiplied so that 
me calculated M.S. is zero. Calling 
this factor F, the true margin is F - 1.0 
This applies to any beam-column, or to 
any other case where the internal loads 
or stresses do not vary linearly with the 
applied loads. 

C5.7a Buckling of Flat Ractangular Plate* 
Under Shear Loads 

Add the following to Art.C5.7. 

The use of the secant modulus ..for 
shear buckling stresses in the plastic 
range has no theoretical basis 5 it sim- 
ply happens to match experimental results. 

It is helpful to redefine the shear 
buckling coefficient as K s = k s if */lZ(l-f*) 
Then Eq.(5) becomes 

Tcr = K s E(t/br or Tcr = 

The abscissa in Fig.C5.13 will then be 
either of the above divided by F0.7, 
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Fig. C 5.. 11a Shear Buckling Coef . , "\/K^ 



.BENDING , BUCKLING OF FIAT RECTANGULAR PLATES 



The value of# s is. given in F'ig.C5.11a. 
Fig. AD gives F scr (=f or ) for' several • 
common materials and includes the effect 
of plasticity. Note that "cut-off" lines 
are used. These are at shear stresses of 
approximately .5^0.7 (or 5F cy ) .. This is 
a fairly common conservative practice. ' 

For pther materials Fig. C$.13 can be 
use'd^ent^flng -Miitj^B [ t/6 y9fc?& W 
(^/tVf< 5 )yS.7 * obtaining F scr /Fo 7 and cal- 
culating F scr = ,;Fb.7 (Fscr/Fo ,7 5... .51nce ' 
n and Fo. 7, are needed to do this th6y' are 
obtained' from 'Table Bi , 1 , or for other ' 
materials n can be calculated per Art. 
Bl.l or read from .Fig. 31. 13 (obtaining 
Fp.,7 "and . Fo,85 from . the material's stress 
strain . curve per " Fig , Bl .1 2, '. ' \ 

C5.Sa Buolcling of Flat Rectangular Plates 
Under Bending Leads 

Useful data for two cases of plates 
subject to bending stresses are shown in 
Fig.S.l^a and Fig.5.1^b. That in (a) is 
for all edges simply supported with Kb 
being the value kTfE c /i2(.l-V z ), The 
buckling stress is calculated as.FBcr ~ 
KgEctt/bf , where E 0 is the compressive 
value of Young's' Modulus. If Fscr is in 
the plastic range one' calculates 

. p B cr /p 0.7 " 

enters Fig,. C5. 8 with this .and obtains 
Fcr^ F 0.7. Th e corrected value' of Fscr is 
then calculated as Fo.7(F cr /Fo.7). For 
a/b values less .than ,30, Kb can be 
calculated as 

(l+aVD'Kl^aVtf. ) ( l+9a* /b* ) ( b*/a* ) 



K B * .0576( l+aVb 4 K i +. 0iF93B{l+9aVb i ) 




.3 .* .5 <Z/b T .7 .» 

Flg.C5.1^a Flat Plate Compression 

Buckling Coefficient, Kg 



Fig,. 5.1^b is for a plate in. bending 
and compression (not tension), with the 
.compression (upper) edge' free and the 
'other three edges simply supported. This 
can also be useful, for example, in esti- 
mating the buckling stress,, for the up- 
standing free edge of a T- Beam in bending 
with, the upper edge in compression. The 
buckling stress is calculated as 

F Ccr = |kn 5 E c /l2(lVj(t/b) 2 

.If Per is In" the plastic range ' it is cor- 
rected as discussed for the previous case 
Note that the figure shows cases ranging 
from pure bending to pure compression 
(b/h = 2 to b/h = 0), For tension and 
bending b/h > 2 and is not covered by the 
data in the figure, his the distance 
from the f re e e dge to the line of zero 
stress 

''''' 1 . It should be noted, that;; fori, this 
Case the compressive buckling stress de- 
pends upon h, or the location of the line 
of" zero stress . There fore,, it depends 
upon . the' relative magnitudes of. the bend- 
ing stress y arid ' the compressive stress , or 
tip on M and P. So for a given case one 
must determine f Q and f c and then find 
the value of h and b/h in order to enter 
the figure and obtain k. .This is unlike 
■-other plate buckling stress which are for 
only a single stress f s , f^or f c . , Two 
examples will illustrate .the "procedure . 




Fig.fl5. l^b Flat Plate Compress ion- Bending 
Buckling Coefficient, k 



CRIPPLING 



hi 



What is the buckling margin of safety for 
the plate shown below? 

7075-T6 Plate Material 
E=10.5xl0* i n=9.2, 
F 0 7 = 64,500 
M=i0001n lbs, F=1000. lbs 



1\ 



.281 



A = 3(.125) = .375. I - ,125(3)/12 
f b » 1000(1. 5)/. 281 = 5338s 
f c = 1000/. 375 = 2667 
•Jf u = 5338 + 2667 = 8005 (comp. ) 
f L = 5338 - 2667 = 2671 (tens.) 
b/h « ( 8005 <+• 2671)/ 8005 = U334 
a/b = 1.333? Per Flg.C5.lfb k = 1.4 

F or = l.kfjtf (IO.51IO 4 )(.125/3)^/l2(.89) 
= 23,584 . (not in plastic range) 

Buckling M.S. = 23, 58 V8 005 - 1 = 1.95 * 

Example Problem 2 

What is the buckling margin of safety for 
the upstanding leg of the T-Beam below? 

A Beam length = 6" 

1 Material is 7075-T6 Ext. 

L n = 16.6, F 0 7 = 72,000 

•35 e q = 10.5 x io* 



I 



-1 



, 0 = 10.5 

Y P = ^JOOlbs, M *> 1000 



A = .30 in, I = .0763 in 



u 



- 1.15 in, 



cr., * .35 (to bottom of upper leg) 

f b 1000(1. 15)/.0763 = 15072 (comp. ) 

fS?» 1000{.35)/.0763 =4587 (tens.) 
f c = 21 00/. 30 = 7000 (compj 

f u = 22072 (comp.), f L = 2^13 {comp.) 

b/h = ( 22072 r 2413)/ 22072 = .89 

a/b ■- 6/1.5 = 4- cZi+h) 

Per Flg.C5.l4b k = .62 

For = .62(Tt) 2 (10.5x10* )(. 1/1. 5)"/l2(. 89) 
= 26,738 (not in plastic range) 

Buckling M.S. = 26738/22072 -1 = .21* 

Had For been in the plastic range for 
this case, Fig.C5.7 would be used. 



C7,10a Illustrative Problems In Calculating 
Crippling Stresses 

The previous Methods 1 and 2 show 
only a uniform thickness for the cross- 
section and do not discuss how to ac- 
count for different element thickness- 
es. One approximate way to do this where 
angle units are involved is as follows. 
First, assume the two elements to have 
the thickness of the thinner leg. and com- 
pute F cc , Then assume them to have the 
larger thickness and compute F cc . Then 
calculate the average of these and con- 



sider this to be F cc . However, a recom- 
mended Method 3 is provided in Art.C7.30. 



07.30 METHOD 3. Tor Crippling Stress 
Caloulatloas 



The following Method 3 for predict- 
ing crippling stresses Is recommended, 
since it is more representative of what 
Is used in the aerospace Industry. It 
consists of calculating F C c f°r each el- 
ement of the cross-section and obtaining 
the weighted average of these as the 
crippling stress for the cross-section. 
The crippling load, P C c« * s then calcula- 
ted as this average F oc times the actual 
area of the cross-section. This is done 
in a tabular manner as discussed later. 

Crippling Stress of Elements '* 1 



For any ductile alloy at any temp- 
erature the crippling stress for each el- 
ement of the cross-section is calculated 
as follows. 

a) For one edge free elements 

F co , .566F cy ' W E-*V(b/t)* W 

b) For no edge free elements 

Fee = 1.425 P 0 y*° E- vo /(b/t) 1 ® 6 

The manner in which b Is obtained is 
shown in Fig. C?. 37. For clad material 
the bare thickness and the secondary 
modulus are used. Also see "cut-off" 
stress discussion. 



t- 



h-*2 
t 



X 1 

Use bare 

thlcfcnaaa and 
secondary 
modulus for 
clad material 
to get F 00 



-41 



When to> t 
t x =t/2 2 ; 

When t 3 < t 
t x =t 2 /g 



No Edge Pre* 



One Sdge Free 



Fig. C7.37 Crippling Elem«tr.t Geometry 



Table C7.2, shows the calculation pro- 
cedure. The example in the table is for 
the zee section shown in Fig.C7. 38. For 
this case, 7075-T6 Ale. the applicable 
properties and other data are shown In 

Table 07. Z Crippling 3traaa and Load Calculation* 



Slement 


B ■ 


t 


b/t 


Frse 




nt 


6tr eo 


1 


.60 


.046 


13.0 


1 ■ 


3to26 


.0276 


939 


2 


1.25 


.046 


£7.2 


0 


4745? 


.0576 


2729 




■ 7 2 




15.2 


0 


63O00 


.0322 


1996 


I 


.28 


.046 


6.1 


l 


62000 


.0129 


800 



.Fco = 646V-1303 = *9609 pel 
P 00 = *Q609t.lg^) = 6102 lba 



-* The crippling strength of built-up {attached) aesbers 

* For ultimate bendinir Conly) strength aae p. 1*3, "U-Sectlons" Is aora than that of the laBarata aaabera, see Be f. 14V 
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the figure, 
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7075-T6 .Alolad ,. 6 , ,• 

. Bend., Radius = .09 . 
Area 4 .123 sq in . .. 

'' F cy . 6"2000 



— t - .05 _ . 

: 1.25 



® 



,f!., 



-^0— *) 



Fig; : C7.38 Crippling Example, Geometry 

There are other considerations which 
may be present. These concern the abil- 
ity of an, element* to? ; be -able to provide 
s impi'e s uppo r t f o r its. adjacent .'element. 
There are three .cases here, as follow. 



Bulb Supporting Element 



This case Is discussed In Art.C7.9» 
in Fig.C7.10 and in Fig.C7.12, and in Ex- 
ample 10 on p.C?.9, If the bulb Is not ■ 
large enough to do this, a reduced crip- 
pling stress oan be estimated as illustra 
ted for a short f lane (lip), using D DU ib 
instead of bf, Abulb instead of bjti, F cy 
for F C c and (D/D m i n ) f instead of Wf^tMpf 

Ef f e c t, of Short =.0utstandlng. Flanges ( Lips) 



As an outstanding flange is made pro- 
gressively shorter, it will eventually.be 
unable to provide simple support for Its 
adjacent element. This' flange length, 5 bf, 
can be determined as follows, referring to 
Fig . C7 . 39 . The minimum ; flange length for 
providing simple support is that which sa- 
tisfies the following equation. ., ■.' 

.91(b f /t w r - b f /t w = 5bw/tf 

where bvjf , . t £ and \ t w are known and bf can 
be found by successive trials. Flg.C7.11 
applies' only when tf >= tw. 



® 



I] b f ® 



Fig. G7.39 Minimum Flanse Geometry 



Example Problem 



In Fig. C7. 39 let bw = 1.25* tw " 
.0^6, tf .= i046w ., -What- is the smallest 
value of bf which will provide simple - 
support for element 2? 

After several trials when b f * • .2^7 
the above equation is satisfied, as 

11+0.88 - 5.37 135.87 . 

Hence, ,2^7 is the least value for bf 
that will provide simple support for bw. 

Reduction In F ce for Short Flanges 

When a flange is too short to pro- 
vide, simple support for its adjacent el- 
ement, a reduced value for F co for the 
two elements ( 1 and 2 *n Fig.c7.39) can 
be determined as follows. 

„ -.'.in-. "-■ ■ , if"i';,ir;. .Cit."."-' "- : ' ' s, 

1) Assume that -bf has the minimum value 
required and calculate an average F 00 
for the' two' elements"' as follows. 

Feci = F cc2 - ( bit 1 Feci + b2 t 2Fcc2)' / ' 
■Xy (bit! + b2t2) : 

2) Calculate ah F cc for element 2 assum- 
. lng it has one edge free; ' 

3) Using the actual value of bf, inter- 
polate , "cubically" between ; the Foe 
vaiues in (1) and .(2.) above to get 
the final value for- Feci - and F C c2» 
that .is, .,;.'"'" "' ' 

?cci^ p CQ2=(T?f/'bfmin ^ ^co (l )-Fce ( 2 ) ) 
+ F cc(2) 

k) Use F C c in (3) for elements 1 and 2 
in the table for crippling calcu- 
lations (i.e. , in Table C7.2). 

Example Problem . »; . 

.. What is the crippling stress and ' 
the crippling .load for the member in ■-• 
Fig.C7.38 if the length of element k is 
only .15"? 

As illustrated previously, the min- 
imum length of element \ which, willy pro- 
vide simple, support,' for element 3 is 
found' to be.' 03 = .,205". Proceeding as 
outlined and using F C c data from Table 
C7. 2 , . 

1) F0C3 = Feci* = (800 +1996)/ 

,. (.0129 + .0322) = 62000 

2) F C o3 (for one, edge -free) = 30026 



« For Joggled flanges see Fig. C.kSfp. gjj) . 
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3 ) Fcc3 = Fcc4 = 



(.15/. 205/(62000 - 
30026) + 30026 = 42552 



it-) Using 42552 for elements 3 and 4 In 
Table C?.2 and .15 for bij., the re- 
duced values for F cc and P C c are 

^cc 

= 42896 P cc = 5019 

Outstanding: Flanges not Perpendicular 
to Adjacent Elements * 

On occasion a supporting flange must be 
Inclined from the perpendicular di- 
rection, as shown in Fig.C7,40. 



Fig. C7.40 Flangea at Small Angles* 

In such cases the "effective" values 1 
b e ff and t e ff , must be used when checking 
to see if it has adequate supporting 
length for its adjacent element, as dis- 
cussed previously. These are calculated 
as follows . 





b e ff ■ bsinQ 



t e ff - t/slnS 



teff is then used for tf in the cubic 
equation to determine the minimum flange 
length. If b e ff is less than this then 
beff is used in step (3) in place of bf. 
The actual flange length, bf, and thick- 
ness, tf, are used to calculate F cc for 
the two elements in step (1). It is rec 
commended that 6 be kept within the range 
of 20" to l60°. If 3 is either quite 
small or large, the least I will be quite 
small for an angle section and this will, 
of course, result in a small buckling 
load for the member as a column. 

Example Problem 

Repeat the Table C?.2 example prob- 
lem assuming, that element 4 is at an 
angle of 25* rather than at 90°. 

b eff = .28 3^25'= .118 
teff = .046/sln25°= .109 

using .109 for tf in the cubic equation, 
after several trials, when bf is .156 the 
equation is (essentially) satisfied. 
Therefore, b e ff is not large enough to 
provide simple support for element 3. 
Using .118 for bf- in the previous step 
(3) and the value of .156 for b^n gives 



Fee 3 - Fec^ = 



(.118/. 156) (62000-30026) 
+ 30026 m 43864 



This results in F cc = 43277 and P oc = 
5323 for the cross-section. 

Large Curved Elements 

The previous crippling calculation 
methods do not include data for cross- 
sections with large curved elements as 
In Fig. C7. 41. 




U — bi -*] 



Flg.C7.4l Large Curved Element 

Fig.C7.42 provides such data for one 
edge free and no edge free curved elem- 
ents. The procedure would be the same 
as in Table C7.2, but with the following 
restriction. No elements in the cross- 
section are allowed to have a crippling 
stress greater than that of the curved 
element. That is, the curved element's 
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* jeer NACA WRL 28 (1 944 ) such angles can be considered to be 9<f 
. for calculating , so the following procedure is 
conservative and not necessary for calculating F e<: ; 
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CRIPPLING 



TORSIONAL BUCKLING 



crippling stress is also a "cut-off", or 
maximum, crippling stress for all other 
elements. The reason for this is that 
tests show that when the large curved el- 
ement ' buckles . failure of the section will 
follow almost immediately, 

Crippling "Cut-Off" (Maximum) Stresses 

■ In-using, the , formulas' for crippling 
stresses, when b/t is very small .the va- 
lue for Fee becomes unreallstically large 
exceeding Ftu (=Fcu) for the material. 
Therefore, it is, necessary to use a real- 
istic maximum or "cut-off" value for F cc . 
There are three main ways that this has 
been done in the aerospace industry over 
the years. 

1. Fccmax = ^cy 

2. F CCma3C = F co (per Art.Cl+> and Tables 

C4.3 and Ck.Z) 

3. Fccmax = F tu 

Using F c y (item 1 )., is the most conserva- 
tive , but has probably been used by- most 
aerospace companies and is used in the 
examples of this Supplement* . 

- . These cut-off values - are .also. used 
for Fcmax' *° r columns- not subject to " .- 
crippling . or local; buckling ( stable' ." 
cross-sections ) , and also for columns 
subject to torsional buckling, discussed 
below. 

C7. 31 Torsi on*l Buckling 

'Conventional' (bending) buckling is a 
type of general instability which assumes 
that the buckled shape is due to bending 
only, as in Fig.C2.2. The buckling 
stress or load for a uniform column is as 
defined in equations (3), (5) and (6) of 
Art. C2. 2 for stable ; cross-section shape's, 

There is another type of general in 
stability called "torsional" buckling for 
which the buckled shape involves twisting 
although, there is no applied twisting mo- 
ment. Torsional buckling is likely to be 
critical for members having open type 
cross-sections- -with; relatively thin walls 
In, addition, It is usually most likely to 
be critical when the column is relatively 
short , that is, short and intermediate ; 
length column range . It is not a problem 
for closed cross-sections such as tubes, 
because of their high resistance to 
twisting deflections. It is not likely 
to be critical when the b/t (thinness) 
of no member of the cross -section is more 
than about 8.0 (see Fig. C?. 43). Examples 



of such cross-sections are zees, channels 
angles, tees, I-sections etc. The 
buckled shape is either a pure twisting 
or a combination of twisting and bending 
about one or two axes, as follows. 

1. For a cross-section having two axes of 
symmetry or point symmetry it is a 
pure twisting only. 

2. For one axis of symmetry it is a com- 
bination of twisting and of bending 
about the axis of symmetry, 

3. For no, axis of symmetry it Is a com- 
bination of twisting and of bending 
about each principal axis. 

For case (l) one computes the torsional 
buckling load and the conventional buck- 
ling load about the minor principal axis. 
The smaller of these Is the critical load 
For case (2) it is the smaller of the 
torsional buckling load and the conven- 
tional buckling load about the axis of 
non-symme try. , . ^For case ( 3 ) the tors ional 
buckling load is always critical. As the 
column length increases It will approach 
the conventional buckling load as calcu- 
lated about the minor principal axis , 
F1k. 07,^3 and C?,¥f show for the case's of 
an equal leg angle and a channel section 
how torsional buckling can become crlti-. 
cal. Note that as t decreases (and b/t 
Increases ) the loss in strength : due r to 
torsional -buckling -can become very large. 
For ''Vthlck"! J sectlbns it will not be crit- 
ical (b/t about 8 or less). 



The previous discussion Is for "free" 
strut's. For restrained struts such as 
stringers attached to skin (as for wing 
s true ture s ) torsional buckling involve s 
both twisting and be riding , and may be 
less than the conventional buckling load. 

Practical methods for calculating 
the torsional buckling stress of free 
struts and restrained struts are present- 
in Ref.MKsee Art, A18. 2?a) . 



Ref. 15il6 andl? also discuss tor- 
sional buckling, Ref, 15 shows a compari- 
son with test results for the channel 
shown in Flg.C7.4if, case (0-). Re.f-.-l(S 
also shows some test results. Ref. ,17 has 
data -for stringers attached to skins ft 



Note \ 

Chapter C8 articles are located 
after Chapter Cll articles. 



•* References are on p.A21. 
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73,000 
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Note that 

1, When t ■ .03 torsional buckling Is 
critical when L/p < 175 

2, When t ■ .06 torsional buckling Is 
critical when L/p < 86 

I 3i When t > ,10 torsional buckling is 
no longer critical iiinmiHI 

i tiiin' illiiillMitiilniiiirhiliii.lllllltlllll 

If the cross-section Here a Tee 
(with base - 2.0 - t) the results 
would be about the sane. 
If It were a cruciform (height « 
width m 2,0 - t) the torsional 
buckling stress would be the 
local buckling stress 
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Figure C7. ^3 Buckling of an Equal Leg Angle Column 
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Figure C7.4^ Buckling of Channel Struts 



GENERAL INSTABILITY. 



THICK-WEB BEAMS 



C9.13a Calculation of General Instability 

,Art.C9.13 presents an equation 
(C9.7) for the required. EI of light cir- 
cular frames so that they will provide 
simple support for the stringers without 
collapsing (as illustrated in Fig.C9.7b), 
called "Shanley's Criteria" which is ap- 
parently greatly basal upon work by N..J. 
Hoff. For elliptical frames it is sug- 
gested that for preliminary sizing pur- 
poses or checks the following be done. 
For a bending moment about the X-axis, 
Mjp, let D in equation C9.7 be 2b, For 
bending about the y-axls, M$ , let D be 
2b* /a, referring to Flg.C9.9. 




F1 K .C9.9 Elliptical Frane 

The frames must also have enough stiff- 
ness so that there will be no instabil- 
ity due to the shear in the skin panels, 
per Flg.C11.39. 

Shanley's criteria applies only for 
a bending moment acting on a shell of 
stringer construction. When there is 
tension field action due to shear loads 
this will generate additional compression 
loads in the stringers. (Art. Cll. 31-. 32 ) . 
To account for the effect of this ad- 
ditional stringer loading it is recom- 
mended that the right side of equation 
C9.7 be multiplied by the factor 
(Pc + PheO/Fc where P c is the most highly 
stressed stringer load due to M.and Pjyji 
is the largest of the diagonal tension 
loads in this stringer and in the string- 
ers on each side of it (3 stringers). 
The diagonal tension load In a stringer 
is calculated as 

PDT = .5(kf s htcott>0 a + .5(kf s htcotoO D 

as discussed in Art. Cll. 32, item 3. a 
and b are the panels on each side of the 
stringer being considered, 

CIO. 15b Analyals of Thlofc-Ueb Beams 

This textbook and others do not dis- 
cuss the strength prediction for thick- 
web, shear resistant beams. These are 
quite commonly' used in areas other than 
in the primary structure, such as for 
supporting numerous types of equipment. 



There are two types of beams, thin- 
web and thick-web* 

Thin- Web Beams 

Thin web beams are shown in Fig. 
C10.1, CIO. 2 and CIO. 3. For these, the 
web thickness is much smaller than that 
of the flanges. Thin-web beams may have 
either a non-buckling ("shear resistant") 
web, as in .Chapter CIO or a buckling web 
("semi-tension field") as in Chapter Cll, 
Fig. Cll. 3 and CI 1.4, In general the 
deeper the beam relative to its length 
the more likely it is that the tension 
field type will be the lightest. Al- 
thdugh a trade study is really needed to 
determine which is lightest, Wagner pro- 
posed that the following rough criteria 
for this be used. When the "index" 
K = Vv/h is mora thane?leven the shear re- 
sistant type is probably lightest, and 
when the index is l«*s than ^even the 
semi-tension field type is probably the 
lightest. In the index V is the shear in 
lbs and h Is the beam depth between the 
flange centroids in inches. 

The shear resistant type Is usually 
the simplest from a manufacturing con- 
sideration, particularly If the web needs 
out-outs or holes to allow wire bundles, 
rods etc. to pass through It (Fig. CIO. 19, 
Cl'0,22 and D3.27), For thin-web beams 
the crippling strength. of the compression 
flange is used in calculating the,.margin 
of safety, Art. CIO, 3, CIO. 5 and CIO. 15 on 
p. CIO. 13 (but too conservative for. thick- 
web, types as discussed later). However, if 
the beam's deflection (stiffness) is of 
importance, the initial buckling stress 
of the flange's, outstanding legs. should be 
used at limit load. This is because when 
such buckling occurs the beam's I will be 
become much smaller as to additional 
loads, so much stiffness will be lost. 
See Art. C6,l-C6.i(- for initial buckling, 

Thick-Web Beams 



Thick-web beams have webs which are 
of about the same thickness as that of 
the flanges. Examples of thick-web beam, 
cross-sections are shown in Fig. CIO. 15a, 




Fig. 010.15a Some Thlclc-Web Beam Cross- Sections 



In general",." thick ' Web beams are of one 
piece and are shaped by forming sheet 
metal, by extruding or by machining. 
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THICK-WES BEAMS 



When subjected to bending the allow- 
able compressive stress for strength 'cal- 
culations is frequently taken as the 
crippling stress of the flange, but this 
usually gives a quite conservative esti- 
mate,,,; as bending/ tests of such .members 
show. When deflection or stiffness Is 
Important, the .flange's Initial buckling 
stress., (and limit load) should bemused - ! as 
discussed for the thin-web beam;. For 'the 
cases of cee , zee and. U sections : the ulti- 
mate; bending strength-' can - ' be^moreaccur- 
ately determined by using the following 
empirical formulas; These are based upon 
bending strength- tests made by the Cur- ' 
tiss-Wright Co. and' reported in their 
Report R-162, - In: these the thickness 
was uniform , the two flanges had the same 
width and the zee section was • prevented 
froir deflecting laterally.*" 

Cee and. Late rally , Re s tralne d - Zee Beams 

■ . These are shown in Fig. CIO, 15b below. 

T 




Fig. CIO. 15b: Channel and Zee "Beam 

~:t<t» .>..-'■<• .•.••••5. ":7 ..'If 



For aluminum alloy having F C y = 39, 000 
and Sc = 10.7 x 10 s +v, >*«•- 

F bu = ^OOO^/hf 7 /(h/tf '■ 



so , 



Mall = Fbul/c 



For other alloys Fbu is multiplied by a 
factor of .{ F c y/E c )" w / . 0,60+ where the prime 
marks refer to the other alloy's proper- 
ties. Unsupported compression' flanges 
must - ; also •. be checked for lateral 
buckling, assuming a web height of h/6 to 
be integral with them when doing this, 

U-Sectlon Beams (Also for T-Sections) 

For the ; same alloy as above 

• F bu = 73^000/ (b/t)'*' 7 

where b 1 is the smaller of c and d. The 
formula is for compression in the out- 
standing flange. If it is in tension then 
Fbu = Ftu. For other alloys the same 
correction factor as for cees and zees is 
used. . The formulas can be used also for 
extruded and machined shapes if they have 
a uniform thickness and' the flanges of. 
cees and zees are of the same widths-, - 

» When a compressive load Is also present these are 
beam- columns with M.S. per p. 38, but-.do not use 
Method ?d for D or T-Seetlons . £be Fig< CS.t't-'h 60 
a it ah? . 



Cee and Zee Members Attached to a Skin 
in Tension 

For these, cases the following for- 
mulas can be used to calculate; the allow- 
able bending moments for any -materials 
and at any temperature :if -h £ 8" and the 
beam, spacing is 5" or more .- -The skin • 
thickness * t, does not appear " since the 
skin is assumed to take all of the ten- 
sion load. • The., bending moment therefore 
is calculated about the base. bf the : beam. 
The skin is in tension and the free 
.flange of the beam is in' compression. 



2r 



For h/t < 79 » 

Mall = |T684t*h(bVt) 

-.00303 (h/t) + 
U- 

For h/t 2 79 i ! 



(F c yE C ) J 



..20] 



Mall |7684t Z h(b , /t) 

£. 0005 (h/t + l.pof 



(F c yE c 



.so 



to 



where b/t = (b + 0.7h)/2t. Attachment 
a skin provides lateral restraint for 
•the beam, or ■ • ■ '"' 

Cee and Zee Members Attached to a Skin 
in Compression 

■ -.'jXrf''"' 'i i f> >'• ''■ ■: ■' i" '■ s " "'.'■*■ .' 

■ CFar ; ' these cases the following for- 
mula can be used for any temperature and 
material if 8 £ b/t £ 20 and the beam and 
skin are of the same material. If they 
are different materials the skin thick- 
ness , t, must be converted Into an e'ff- 
ective . thickness i ts • us ing : the beam's 
material. The equation is- valid for 
.50 < t/t s 5 2.0. i 

Hall - |ht|(FcyE c )^ /b/t )'"^] 

, 816 ( Ec/Fcy') 25 + 7 . 462 (b/t )' 
(t/t' s fl 



■723 



Unequal Flange Widths 

When one flange is, shorter than the 
other, use the. shorter. width ..for ,b 
(and dj in the ";*pr$vlousi ''formula'."' . 

Other Flanged Beams Symmetrical About 
the X-X Axis 

With extruded or machined members 
the flanges might be thicker than the 
webs , and with .an>. Iwbeam.. there Is a 
flange portion on each side of the web. 
Although not covered by tests, the fol- 
lowing procedure is suggested for an 
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approximate value for the allowable mom- 
ent, Mall. 

1. Determine the crippling load for each 
compression element outboard of the 
web and sum these to get P cc . 

2. Calculate the allowable bending moment 
carried by the flanges as 

M flange = ?cc(h - t f lange ) 

3. Calculate the bending buckling 
strength of the web as 

Fbcr ~ KbEt 2 wet /(h - t f i ange f 

4. Calculate the allowable moment due to 
the web -as 

Mweb = l>5Fb cr I we b/(h/2) 
- 1,45 fbci^webh*/^' ■ 

5. Finally, calculate the beam's allow- 
able bending moment as 

M all = M flange + «web 

Fig. C5.l4a can be used for obtaining Kb 
In (3) above. For most thick -web beams 
a/b fl.O, so K D - 21.7 (web stiff eners 
Could result in smaller values of a/b)r 

Other Flanged Beams Unsymmetrlcal About 
the X-X Axis 

1. If the compression flange area is 
equal to or smaller than the tension 
flange area proceed as above (for sym- 
metrical sections) 

2. If the compression flange area is 
larger than the tension flange area pro- 
ceed as in Art.C3.7, Example Problem 4 
(but also see Art.C3.4a). Then assume 
it to have the same area as the tension 
flange and proceed. as for the symmetri- 
cal section above (for different thick- 
nesses). Use the larger of the .allow- 
able moments calculated. If the beam is 
also unsymmetrlcal about the Y-Y axis, 
supports will be needed to prevent lat- 
eral movement, just as for a zee. 

Interaction Effects of Shear and Bending 

If shear Is present it will promote 
earlier failure because of web buckling 
and the ensuing tension field action. 

M l ;S. = 1/Vtfs/Fscr f '4 '(M/Mallf - 1.0 

The previous formulas do not apply when 
the web h as significant holes, 

» for I-beaa trpo Boaters (flanges an each aide of web) or 
oonstant thickness a store realistic procedure Is as follows i 

1) Using the web and 2 flanges (a Cee-sectlon j e&lctilate Ka.ll 

2) Por the other flange calculate the crippling load, P c0 , 
and then Mfiajjg, » Psc(h-t). 

3) The total moaent is then Man » K(j) * M{ 2 ) • 



since the tests did not include such. 
Holes will reduce the strength but no 
test data are available. In such cases 
unless the holes are :qulte small and near 
the beam centerline, it is probably best 
to base the strength upon the crippling 
stress of the flange, as for thin-web 
beams. 

011.29s, Circular Hole* In Flat Tonal on 
Field Beans 

According to "Stress Analysis Man- 
ual", AD-759199, AFFDL-TR-69-42, a single 
unreinf orced, unf lange d centrally locat- 
ed circular hole In a web will reduce the 
strength of the tension field beam's com- 
ponents as follows, 

1. The reduced allowable web strength is 

F s = F s (tD(d-D) + Au e DC 4 )/C5ta S 

where F s is the allowable with no hole,, 
Cif-and C5 are per Fig. Cl 0.1? and .18, D 
is the hole diameter, d is the upright 
spacing and Aue is per Art.C11.19, 
equation (58). The parameter limit- 
ations based upon test data are 

.02 ^ t£ .132 7,0 < dS 18.0 
.04 £ tn* .079 2.375 =s 5.875 
7.4 £ h ^ 19.4 

where h is the web height between 
flange centroids and tu is the thick- 
ness of the upright. 

Some aerospace company data indi- 
cate that a "small" hole without a 
doUbler results in a reduced web. 
strength of 

F s - F s (l - 1.33D/d) 

with the limitations that D £.75, D/dS 
.15, hole center Is located 2.5D away 
from any fastener line, hole is not In 
a panel next to an upright introducing 
a significant load into the beam and 
the material is either 2000 or 7000 
series aluminum or Ti-6Al-4v sheet. 

2. The reduced allowable upright (adjac- 
ent to the hole) forced crippling 
stress is 

F u = F u /(1 + D/d) 

3. The tension loads in the web-to- 
uprlght fasteners due to prying action 
of the buckled web (Art.C11.24, 
equation 66) should' be "multiplied, by a 
factor of 1 + D/d, 

The strength of the web (and other compo- 
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Fig.G10.l8 Reduced Web Strength Factor, C5 
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nents can be maintained by installing a 
ring doubler which .meets the 'requirements 
of Fig. CI 0.19 and the following limi- 
tations.. 




Fig. C10. 19 Circular Hole Doubler Data 
The rivet pattern is to be uniform and to 



provide a running load strength per Inch 
of 2F s t x 10 between tangent lines oh 
each side of the hole. In the figure 

t r = reinforcing ring thickness 

t = web thickness 

F s = Allowable web 'stress in Ksl 

A 0 = Cross -sectional area of the rein- 
forcing ring ■ 2Wt r sq in. 

Ah - Cross-sectional area of the web 
removed by hole = Dt sq in 

Using the figure, for a given (required) 
Fg and hole diameter, D, one can deter- 
mine by successive trials the "required 
size of the reinforcing ring and the re- 
quired fasteners.- Or, for a given hole, 
fastener pattern and reinforcing ring one 
can determine directly the value of F s , 
Instead of being a separate piece, the 
reinforcing ring could be Integral with 
bhe web (chem-mllled or machined). 

Cll.a** Rivet Design 

With' a shear resistant (non-buckling) 
web the skin (or web) does riot pry on the 
rivets and put them in tension. The only 
tension in the rivet then is that due to 
the "clamp-up" force, Q, as shown in Fig. 
D1.^3c When the web. or skin buckles, 
the resulting "folds" try to go across 
the restraining upright or frame, and 
this puts the rivets in tension; The 
more severe the tension field (i.e., the 
larger the factor k), the larger is the 
tension in the rivets. •"" ■ 

Equations (65) and (66) specify the 
rivet joint tension strength 'required to 
prevent the folds in the buckled "web or 
skin from lifting off of the upright or 
frame. This criteria was - suggested by P. 
Kuhn in NACA TN 2661. The criteria does 
-not' -involve the web stress or k, so it 
must ' be adequate for a very highly de- 
veloped tension field, a large value of k 
Hence, it will be quite conservative for 
a lesser tension field effect, a smaller 
k, and for a k of zero the required ri- 
vet tension strength (for this effect) 
would be zero. In view of this, some 
analysts assume that the above criteria 
for rivet strength applies down to a k of 
,50 or so, and then decreases linearly 
with k for lesser values of k, becoming 
zero for k = 0 (no web buckling). No 
further such data was published 5 * by 'the 
NACA, although some companies have run 
tes ts ( unpublished ■) for smaller k values. 

» Of Art.cii.2i* " 
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Cll.Jla G»n»rml Discussion 

On' p.Cll.30, item 5, at the end of 
the last sentence add the following i put- 
ting the rivets in tension 

On p.Cll.30, item 2, addi (e) the string- 
er bending moment (item 3) will increase, 

On p.Cli. 31) R.H.Col, , after the end of 
the 18th line down, add« For the case of 
stringers a more direct alternative me- 
thod is in Ref.9, discussed later. 

On p.Cll,31 re-rise the "Floating rings 
sentence to be as follows i "Floating" 
rings ; support only the stringers and are 
therefore not attached to the skin, so 
they do not determine the spacing, d. 

On p.Cil.31« text line 26 down, put an * 
after A20 and add the footnote i * How- 
ever, the effective skin area (per Art, 
A20.3) should be reduced per Eq. (83) as 
given later In Art.Cll.32a. 

On p.Cll.32, R.H.Col. , **-th line up, re- 
place "before" with "assuming no"i put 
an ♦ after "center" and add the footnote i 
* or better, at. .a point 70% of the way up 
from the lowest stressed edge (stringer) 
to the highest stressed edge (stringer), 
see Example Problem 1 . Then at the end 
of the last line add "panel's". 

C11.3Z* Stringer Systems In Diagonal Tension 
Remainder of Part 2. Curved Web Systems 

Beginning with the first line on p. 
C11.33i the remainder of Part 2 has been 
completely rewritten as follows. 

compression stress increases more slowly, 
Thus one can write 



or 



f c /fs ■ B 
f c - Bf 3 



(73) 



Substituting these formulas for F Cc r an <i 
f c back into trie interaction formula, 
(71), one obtains 

Bfs/Af Scr + (f s /F Scr f =1.0 

Solring this quadratic for f s 



Fscr 



where f a is the actual shear stress at 
which the panel buckles due to the pre- 
sence of compression stresses. Calling 
this stress Facr and calling the expres- 
sion in the brackets Be 

Fscr = F acr R c (75) 



where 



Rc 



-B/A +~1/( B/A) £ 
_2 



+ 4 



(76) 



Rc Is always less than 1,0 when compres- 
sion stresses are present. Be is calcu- 
lated for each panel. 

Next, consider a panel subject to 
a shear stress and a tension stress, ft. 
For this case it has been experimentally 
shown, Re f. 6, that the interaction form- 
ula for buckling Is 

f s /F Scr - f t /2F Cor = 1.0 (77) 

The shear stress, fg» at which the panel 
will buckle when tension is present is 
obtained from Eq.(77) as 



or 



fscr /Fs or= 1.0 + ft/2Fc C r 

f Scr » (1.0 + ft/2F Ccr )Pscr - - - (78) 



Galling the expression in parenthesis In 
Eq.(7&) Bt and, calling f Scr Fs C r 

(79) 



where 



Fscr - Fs C r H T 
Bt = (1 + ft/ 2 Fccr )p t 



scr 



(80) 



Since Biji is greater than 1.0 the , actual 
shear buckling stress will always be 
greater than Fscr when tension Is present 
and when the tension stress is large en- 
ough there will be no buckling. 

Just as the compression stress re- 
duces the panel's shear buckling stress, 
the shear stress also reduces the com- 
pressive buckling stress. Therefore, a 
factor, Bjj, is applied to the panel's ef- 
fect ire area (items (1) and (2), p,A20.3) 
to obtain a reduced effective area (like 
having a smaller, thickness). That is, 
the reduced compressive buckling stress 

is ■ , ■■ 

f Ccr = RoFc cr (81) 

where 

Be = Be (B/A) (02) 

BO, 

Siskin = Ae s kin R 'c (83) 

and Aegidn is used in all section proper- 
ty calculations and wherever effective 
skin areas are used (Ae g iM n is per 
Art.A20,3f items (1) and (2)). 

2. Diagonal Tension Factor, k 

The next step for each .panel is- the 
determination of the diagonal tension 
factor, k. This is a function of f 3 /Fj cr 
where , as discussed above , 

Ps cr = F Scr Bc or Fs cr - F ScT R? 
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depending upon whether compression or 
tension stresses aire present* 

For a curved panel the formula for 
k as" determined' from many tests* Ref, 3, 
is the empirical relationship 

k = tanh |(.5 + 300i^)log 10T |a^j r - - W) 

with the auxiliary rules that 

■ a ) if d/h > 2 use only 2 : * " ' s ' 

b) if h > d (longeron system) replace ■ 

d/h with h/d and if h/d>2 use only 2 

k can also he found directly from Fig. 

cu.19. 

3. Stringer Loads, Stresse s and Strains 

.... .: - , : . 

As in the case of the plane web sys- 
tem, the total stringer load will con- 
sist of the primary axial loads, Pp, due 
to the- applied bending moments arid/of ax- 
ial loads, plus the diagonal tension In- 
duced loads, Pq.t, 

p STR - *P - PD.T. " (85) 

If Pp is tensile it would be a positlTe 
number in the above equation, Pp can be 
determined as in Chapter A20. 2 - A20. 

p D T ••• Is" ■■&&ofa&ie&'&*ioil6*B> s ^ierrirut 
to Pig.ieii.35it 

•■•if ■■> ' ■ ••• •-•><' 




:PD.T 



FlgvCll. 35a Stringer Diagonal Tension Load 

p DiT. ls the diagonal tension load In a 
stringer bounded by panel "a" oh one side 
and by panel "b" on the other. Let the 
width of panel a be h a and that of b be ■ 
h D ! (for equally spaced stringers h a = h D ) 
Let the shear flow in panel a be q a and 
that- i n b be qb. Then 

P D>T> . k aqah a co^a + kbqhh D coiab _ (86) 

- t ?;*f ... . J ■ "■ • i <•' ■■' 

Ref .3 shows that a panel's effective area 
(at each stringer- bordering it) for the 
diagonal tension load, Pd,t.» is 

AeD.T, .5ht(l-k)H c /2 
Therefore, the stringer stress Is 

*Vtr ■ f p " fD.T. • 'I....,,;, . 

where fp is negative when P is compres- ' 
sive and positive when P is tensile. So, 



, ^ _ - (kfshtcotcQ 
f str - fp - 2A str +,.5(ht(l-k 

(kf s htcbto<.)b_ 
.5(ht(l-k}RcT b 



-(87) 



If each panel has identical parameters or 
if their average Values are assumed to be 
present In each panel Eq. (87) becomes 

r r „ kfsCOto'-- ■ _,aa\ 

3 r " P " A 8tr /ht + .5(l-k )R C ; ( ' 88 ' 

The two panels can have identical. para- 
meters only when part of a circular shell 
subject only to torsion and compfessloh, 
not to shear or bending which cause vary- 
ing stresses, k and Revalues, However, 
for closely spaced stringers using aver- 
age values and. Eq.(88) is reasonable. 
The stringer strain, needed to determine 
<*. laterals <ld " ; ; * v ; ' 

€ str ■* f atr/ Egtr - - - - - (89) 

All terms in Eq.(8?) and (88), are known 
except «<•',■ which' ls ^discussed latter. 1 r ' 

Per Art, Oil, 31, item 3, the diagon- 
al tension 'generates bending of the 
stringers, bowing them inward. , Per 
Ref ; 3 the result Is a peak ' bending 1 nioment 
at the center of the -"stringer and at the 
ends (at th* rings) In the /amourtt 1 

Mstr = f s htd' 2 ktanc</22fR I.,-.:- :- - -(90 ) 

where R is the radius of curvature. 

This produces tension on the inner sur- 
face of the stringer at its middle and 
compresslOn^bh the inner surface at the 
rings. This bending is due to the diag- 
onal tension and is increased when pri- 
mary compression loads are also present 
(but not In defined amount, i.e. , a beam- 
ed lumn e f f e c t ) . 

■. Per Ref .3 fD.T ls an average stress 
There Is also a peaft or maximum stress , 
fD.T. max* calculated as 

f D. T.MAX • f D.T.(fD.T.MAX /f D.T.) -(91) 



where fD.T.MAX'/ f D.T,: 1 ^3 obtained from 
Flg.C11.21. fD.T. is the last term In 
Eq. (88). fD.T. max iS' used for a local 
strength check (see Example Problem). 

k. Stresses and Strains in Rings 

There.., are,, two;,types; of wrings . Gon- 
ventional rings; intersect the stringers 
arid are notched .to let them pass through, 
and are attached to the: skin.' -So-called 
"floating" rings are located^ inside 0 f 
the stringers and are not attached to the 
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skin. The resulting stresses in these 
two types of rings are therefore differ- 
ent, 

ConTentional Rings 

Just as the tension field produces a, 
compressiTe stress, f;o.T. • * n the string- 
ers it also produces a 'compressiTe i stress 
f rg, in the rings. For circular shells 
this Is, per Ref.3. for conventional rings 



. kffl tanoC 

l *S ~ A rg /dt + .5(l-k] 



(92) 



Just as for stringers, Eq. (88), this as- 
sumes that the panels on each side of the 
ring haTe the same parameters (k, f s , d, 
t, c* ). If not, Eq.(92) would be of a 
form similar to the last term In Eq.(87). 
HoweTer, as for stringers, aTerage Talues 
can be used in Eq,(92) when the Talues 
are slightly different. The axial strain 
in the rings will be 

€rg - frg/Erg (93) 
The strain is used to determine o( . 

Rings can also haTe a maximum or 
peak stress, like stringers (Eq,91)i us- 
ing f rg in place of fD.T. in that equa- 
tion. HoweTer, per Pig.Cll.21, 
frg/ffgMAX will be 1,0 for typical 
stringer construction where d/h>1.0, so 
there is then no peaking of the stress. 
■Floating" Rings 

For "floating" rings concentrated 
radial loads pushing inward on the rings 
are generated at the stringer locations, 
Pig.Cll.30e. This produces a hoop comp- 
ression in the circular ring and also a 
bending moment, since the radial loads 
are concentrated, not distributed. The 
axial compression in a floating ring is 



f rg 



kf s tanot 
Arg/dt 



(9*0 



Note that there is no "effectlTe" area 
term for this case. The axial strain in 
the ring, due to f rgp is 



-rg 



- We 



rg/ -erg 



(95) 



The maximum bending moment generated in 
the ring is 



M rg = kf s th*d tan<*/l2R 



((96) 



It occurs at the rlng-strihger Junction, 
producing compression in the outer flange 
of the ring. There is a secondary bend- 
ing: moment, half as large, midway between 
the stringers. There is no "peak" stress 
for floating rings. As for conTentional 
rings, Eq. (9*0 and (96) assume that the 
panels on each side of the ring haTe the 
. same . parame ters , 



Ring Stiffness (EI) Requirements 

Since the rings support the string- 
ers against general instability, see 
Pig.C9.7b, they must haTean adequate EI, 
This Talue is affected by the diagonal 
tension loads in the, stringers and is 
discussed in detail in Art. 9. 13a. 

5. Strains In the Skin Panels 

The strain in the skin panels is 
giTen in Ref.3 as 




sin 2// 



+ sin2c((l-k)(l+/o} -(97) 



where ji ■= Poisson's ratio (.33) and all 
terms are known excepted, Pig.C11.36 is 
of help, giTing the Talue of the bracket 
ed term 

6. Determination of 

For the stringer system (d > h) 
Ref.3 shows that<* is related to the 
stringer strain, the ring strain and the 
web or skin strain by the formula 



tari 3 * 



-sk 



€flk - € str . , - _ _ 



- - (98) 



where is a tension (+) strain and € rg 
and € s tr are compression (-). 

<* is determined by successiTe ap- 
proximation as follows. The strain eq- 
uations are (for conTentional rings) 



-rg 



_L 1". " . kfa tan* " I 
E 0 [A rg /dt + .5(l-k)J 



(93) 



€ s tr = e7 [ f P - A st r/ht S + C !5U-k)Rc] {8?) 
<sk .^[^U^d^sln^] (97) 



fp is negatiTe when in compression. To 
determine c< for any panel use the values 
of k, f s , Ro, t and d for. that particular 
panel in the above strain. equations. Al- 
so, for € s tr use the stringer bordering 
the panel which has the larger compres- 
siTe Talue of fp. 

Assume a Talue ford, say 30* to 35° 
to start, and compute the Talues of the 
three strains. Then enter these into 
Eq.(98) and computed. Compare with c< 
assumed. Repeat as necessary until the 
calculated- Talue of oC is essentially the 
same as that assumed, and ot is then known. 
Note that 6 rg and €- s tr are negative , 
being in compression. For "floating" 
rings Eq.(9'+) is used in place of Eq.(93). 
Once oc is known all of the stresses 
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and effects involving it are known. 

7. Loads on the Attachments 

The only remaining loads to be cal- 
culated are those on the attachments, , 
These 'are of two types r those in the 
plane of the skins " arid those normal to . '. 
the skins' which are "prying" forces try- 
ing to "pop off "the rivet heads or to 
pull the skin upward around ' the rivets . 
These normal loads are most likely to be 
critical when countersunk rivets are pre- 
sent and are of small diameter, ' 

The rivet loads- due to the applied . 
loads are called "primary" loads and 
those due to tension field action are 
"secondary" loads.' ; 

a'J The secondary riret shear loads must 
be considered whenever a shear-buckied 
skin is spliced or ends along an open- 
ing or "cut-out" , such as along a 
stringer or a ring. At. a splice or 
opening along a stringer the load per 

inch is S:T'':.T;Jl* ! IT '21,- : 

Lbs/in = f s t [l + kpgl— - i?| - -(99) 

Along a ring (a vertical direction) 
the loading is 

Lbs/in = f s t [l + l7] - -(100) 

f s is the total panel shear load and 
includes any redistribution effects 
due" to -a . cut-out i as in. Fig. D3 . 21. If 
the panel Is non buckling then k = 0. 

b) The normal or "prying" loads are not 
determinable by any formula from 
theory, but based on test data Ref.3 
recommends, the following as the loading 
on the rivets. 

When the skin is continuous across a 
ring or stringer 

Lbs/in = . 22tFt u ' - ^ - (101) 

When the skin: stops along a. ring or 
stringer (due to a cut-out ) 

Lbs/in = .15tFtu - - - - - (102) 

where t is the skin thickness and Ftu 
Is the skin ultimate tensile strength. 

These criteria are no doubt conserva- 
tive and are discussed further in 
Art,C11.24a. Some data for the 
■ s trens^h^'oi'^rive t'-she e t combinations 
In the' normal direction are in Fig, 
Gil. 37a. C11.37b and Art.D1.26. Flush 
heads are most likely to be critical. 



CI1.33* Allowable Stream (*nd 
lata nation) 

1. Stringers 

Three methods of stringer analysis 
are presented . . 

. a ) A 'iQuick ^Method", for preliminary siz- 
"'" ' lng and quick . checks , 

b) The N.A.C.A. Method which Is quite 
tedious and therefore not recommended 

c ) The Melcone-Ensrud Method which is the 
recommended one 

The Quick Method 

Two analyses are made , one for local 
strength and one for buckling. The local 
strength analysis uses the interaction 
equation 

fp/F cc + (fD.T.Max/ F ST) J ' 5 = 1.0 - -(103) 

where fp ■ My/I, F oc Is the "natural" 
crippling stress, Art.C?,2, C7.4 or, bet- 
ter, Art.C7.30, fp.T A MBT ls Per Eq. (91) 
and Fst Is per Fig.CllJoT 1 * 

The buckling analysis uses the inter- 
action equation '■' 

fp/F cr • + fD.T. /Fd, T. cr =1.0 :: -(104) 

where F cr = stringer buckling stress (Art. 

C7. 26} using Aegjj.jj in comput- 
' ing f s tr a nd; U = d. However, 
torsional buckling Is some- 
times, critical, A<~£. C7,3I . 

FD.T, or = buckling stress due to diagon- 
al tension load using an efr 
fective skin area of 
. 5ht(l-k)Rc in calculating 
PstT and L' = L/V2 when string- 
er Is continuous at both ends 
, or L' = L/VT75 when it is con- 
tinuous at only one end. 

However, In either case an effective skin 
area Is not used in calculating P if this 
results In a larger p than for the string- 
er alone , This is because buckled skin 
has an undefined reduction effect on the 
stringer's buckling strength. (Fig. C7. 36) . 

The N.A.C.A, Method 

This is discussed only briefly since 
Method c next, is recommended,, Ref,3 . 
suggests the following analysis, : 

a) Local Strength Check . , <■ 

Consider the structure tp be subject 
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only to Its axial (or tending) applied 
loads, not to any shear, and calculate fp 
and Fee for the stringers. Then consider 
the structure to be subject only to its 
shear arid torsion loads (no axial or ben- 
ding loads ) so that for "all stringers 
fp = o. For any stringer the average 
shear in the two panels bordering it is 
f g . Then using the last term (fD.T.) l n 
Eq.(88) find by successive -trials what 
ralue of f 3 results in 

f D. T.Max V F ST 

This is a very considerable effort, since 
for each assumed ralue of f s one must de- 
termine numerous parameters k, £'s, etc. 
Then let this ralue of f s be called F 3ci ". 
The margin of safe ty is then found from 
the Interaction equation 

fp/F cc + (f s /F So ) = 1.0 ;- -(105) 

by using Flg.C^.3^ with R^, and fit there 
being replaced with fp/Fcc an<i f s/ F so re ~ 
speetirely. In Eq.{105) f s Is the actual 
(average) shear stress in the two panels 
bordering the stringer. 

b) Buckling Check 

The same approach as used in (a) ap- 
plies, except that the allowable stress 
terms are F cr instead of F co and F a in- 
stead of F Sq and are determined as 
follows. 

F or is determined in the same manner 
as for Eq.(104). As in (a), by succes- 
slre trials find what value of f s results 
in 

f D.T. " p D.T. cr 

where F-D, r £, c - Is as defined for Eq.(lO^) 
in (a). Again, this is a very consider- 
able effort as mentioned ln (a). Then, 
let this value of f s be called F So and the 
margin of safety is determined from the 
interaction equation 

fc/Fcr * (fs/F' 3 J' S -1.0 (106) 

and can be found as suggested for 
Eq. (105). 

The Melcone-Ensrud Method 

This method is recommended since it 
is much more direct than method (b) and 
also considers the torsional stiffness of 
the stringer. As shown ln Ref,9, the 
stringer margin of safety is calculated 
as 



[(fp/Fcr^+Ofc + fD/FcJ**}' 



-1.0 



(107) 



where 

fp = compressive stress in stringer due 
to the primary shell loads (My/t + 
p/A), bending and axial # as present. 

F cr = stringer critical load as a column 
calculated as discussed for 
Eq.UOiO. 

F c = buckling strength of the stringer 
itself, considering crippling, and 
using a fixity of 2 when the string- 
er is continuous across rings at 
each end and 1.5 when continuous at 
only one end. 



See Table Cll.l 



f c = See Table Cll.l 

Table Cl 1 . 1 involve s five parame te rs which 
are defined as follows 

v = 1 + (d/R) [(I s tr/Jstr>(t/h)] 

where J s tr "• torsional stiffness factor 

= A s trtgtr/3 f° r open sections 

= ^A^tgtr/p for closed sections 

where A = enclosed area 

p « perimeter 

\ = 1/(1 + f cg/f s f 5 

where f og = applied primary compressive 

stress based on stringer area 
plus total skin area (fully 
effective). When f CR = 0, 
% ■ 1,0 (no applied compres-r 
slve loads ) . That is, f cg = 
Hy/Igross ■+ P/ A gross» 

F s = (rr/4s' 2f ) (Et/s) 
where S = d 2 /Rt 
K = 5.25E(t/hf 
= F' + F" 



s 



cr 



Table Cll.l Determination of f^ and f c ' 



f c = 0 when f s < AF Scr (no buckling) 



v(f s - AP a _)ht 



f c = 0 when f s < AF S 

(Continued) 
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Table Gll.l (Con'd) 



ft - fa ^b) (^g )<J 0|3hf'» 



A 3 tr 



when AFg £ ,.f s < F Scr 



f » = AFgdt ^ .Oph y 



JJ3 



When f s £ Fg cr 



When the . value of fgtaries In the panels 
above arid below the stringer use the av- 
erage, or more conservatively use, the 
larger. If h or t varies use the; average, 



The following is applicable to all 
three methods. If a stringer has a neg- 
ative margin of safety, it, does not mean 
failure if the other stringers can carry 
enough of the shell's applied bending 
moment to prevent this ( see Art, A19.ll ) . 
However, each stringer must carry its 
own diagonal tension load, Pd.T.- 

Also, since diagonal tens ion loads 
do not Vary linearly with the applied 
loads, the margins of safety as calcu- 
lated are actually apparent ones rather 
than true ones .{see Art. ,01. 13a, item 2), 
but this is not always considered. Thl3 
also applies to other parts loaded by 
the tens ion field action. 

It lsi of course, best to determine 
F cr from compression tests of a segment ; 
of the shell having four or five string- 
ers, but this is expensive to do al- 
though it eliminates uncertainties. ' 

2. Rings '-' 

Rings have allowable /stresses simi- 
lar to those for stringers. For con- 
ventional rings the margin of safety is , 
obtained using the equation 



M.S. 



fp/F cc + frgHa X /F rg 



-1.0 —(108) 



where fp is the largest compressive stress 
in a flange due to any primary 
loading on the ring (bending 
and compression) if any, and F cc 
Is the crippling stress for 
that flange . 

frgrtax ls frg (no peaking here for 
the stringer system) , Eq.(92). 

F rg is the allowable forced crip- 
pling stress for the ring, per 
Fig.C11.38. 

Since conventional rings are notched to 
let the stringers pass through, it is 
Important to use an adequate clip at 
the notch to prevent local buckling of 
the ring's notched web. 



^ '.' Floating rings, , are .not subject to 
any .forced' crippling, only to .any axial 
stresses, or bending stresses caused by 
primary loads , if any, and to the,, axial . 
stress of Eq.(9M and to. M rg of Eq. (96). 
The margin of safety ls calculated for 
the flange critical for these loads as" 



M.S. 



Fft<V.- . -. - 1.0 



f c + f D + frg fMrg 



(109) 



3. General Instability 



A general instability check for the 
.shell can be made using the empirical 
criteria presented in Fig. Gil. 39. , This 
is obtained from _test,,data and, recommen- 
dations of Ref .7 and Re f. 3.. The allow- 
ables are based upon pure torsion tests. 
The margin of safety is calculated, as 

M.S. = p sinst « 1.0 - - -(110) 

«• ■ Ji"'~ '", '2 ' 

k. Margin "of. Safety, -for the, -Skin...,-. 

The allowable skin stress can sim- 
ply be read from Fig.Cll.%2, as F s . The 
margin of safety is calculated as 

m.s. = Fs/fs -1^0 - - -(in) 

fg is 'the, gross, skin stress { ignoring . 
rivet holes ) . The' net shear stress (be- 
tween rivet holes) can be carried up to 
Fsut. the ultimate shear stress for the 
skin material . - . . 

5. Margin of Safety for Attachnents 

For any attachment (rivet) the mar- 
gin of safety is. calculated as 

M S B Joint Allowable Load ... 1 n 
Attachment Spacing (Load/ in) • ' 



where the Load/ in is as follows 
a,) At a splice ox edge along a stringer 
(horizontal) Eq. (99) applies. 

b) At a splice or edge along a ring 
(vertical) Eq. (100) applies 

c) For a change in stress, or shear 
flow, across a ring or stringer 

(no edge or splice) £fs is used in- 
' stead of f a in Eq. (99) or (100). 

Eq. (112) applies for., both, in-plane 
and normal loads. The Joint- allowable 
load ls the allowable load per rivet. 

The following Example Problem il- 
lustrates the analysis, procedure. 
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Cll.Jha. Exaaple Problama 

Determine the following margins of 
safety for the structure shown in Fig. 
Cll.lOa. All loads are ultimate. 

a) Skin rupture for panels a, b and o 

b) General instability in shear based on 
the shear in panel b 

c) Interrivet buckling of skin along 
stringer 2 in bay AB 

d) Stringer 2 between panels a and b 

e) The fasteners along stringer 1, as- 
suming the skin Is spliced there 

f) The ring between panels a and c and 
stringers 1 and 2 

g) The fasteners along the ring at A in 
panel b assuming the skin is spliced 

h) The fasteners in panel b along ring B 

Internal Loads 

The first step is to determine the 
internal loads in the structure due to 
the applied (external) loads. This can 
be done as discussed in Chapter A. 20, or 
it may be done by finite element analysis 
For tension field analysis purposes, It 
is necessary to do this for two structur- 
al conditions, first assuming the skin 



does not buckle and then with the skin in 
the bucKled condition. For the latter 
condition this is a success ire trials 
procedure , ; since buckled panels haTe ef- 
fective widths which depend upon the pan- 
els stress, and the stresses depend upon 
the amount of effective skin area. 

It is assumed here that the internal 
loads hare been determined for the shell 
and its applied loads, which are a shear, 
a torsion and a bending moment. The fol- 
lowing table summarizes those internal 
loads and the geometry needed for the re- 
quired analyses. All loads are ultimate, 

table Cll.2 Internal Loads and Geometry 



Condition 
of Skin 


la.*; 

Ib/ln 


lb* 
lb/in 


to.* 
lb/in 


y 

in 


y a 1 

in 


- 1 

yb 

in 


y e 1 

in 


:lo Buckling 


111 


121 


111 


0 


l4.4o 


11.34 


14.40 


Bucklad 


116 


125 


116 


2.71 


17.11 


14.05 


17.11 



Condition 
of Skin 


ystri 
in 


in 


ln-lba 


ln-lbs 


I* 
in* 


No Buckling 
Buekled 


14.61 
17.32 


12.65 
15.36 


171,000 

171.000 


216,000 
216,000 


382 
276 



Notes ^ 

1. For panels y is measured from the. 
shell's neutral axis to a point 70^ of 
the distance from the lower edge to the 
upper edge (rather than to the midpoint). 

2. For stringers y is to the stringer + 
effective skin centrold. 




tt*/S m 



6 



V~ 3,600 }li 
2 s lf0 ll fOOii-ll>t, 



3 



T=iSOf*>Sn-IJxs 



,7f*.75~»S.O St*lhj» 
Am*.**** 1 - 



8 c- 

AH n>a.to-i'*i is 2o2?-T3 SA<seri 

£^/0.T-/C b f„ r = 3%ooe> 

Atreti 4rc t/g' 'u*'r*rs<)J head MSZaWO AD-f 
at . 7*~" spttcfaf. 

This is the same structure as was used by. the 
N.A.C.A. in developing their tension field 
criteria, except that t s ^ r was .080 there. 

Fig.Cll.43a Shell with Stringer Construction for Example Problem 



jS"*,7r*g<C /Lino 
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3. Mab and M 8 c are bending momenta at the 
middle of bay AB and' BC respec'tiTely; 

4, The same I Is used for bay AB and BC 
although Iab would be slightly smaller 
since -the,, larger, bending moment would- re- 
sult inVless -effective skin area. 

.5 . = q--- ■ fgt .(the formulas use fst) 
Skin Panel Analyses' 

•>l. The, aiutiysi^^is-'ii'lttstrlited for pan- 
el a only. ■• The results of similar analy- 
ses for panels b and >c are presented. ,) 

a/b = 15/7.85 = 1.91lvZi„45 a (l-.33^^ 
15 (.025)' =, 155 J k s = 32((Fig.C9.4)j 
kc = 56 (Flg.C9.lD ■ 

Fscr =32^(10. 7*1 0 6 ) ( . 025 f/l2(l-.33 2 ) 
(7.85)* - 3.205 (Flg.C9.4) 

Peer " 567^(10.7*10* ),(.025f /12U-.330 
(7.85)* = 5,609 (Fig.C9.4) 

A - F Cer /Fscr - 5609/3205 - 1.75 (Eq.72) 

For the non-buckled skin (to determine 
Rc 1 F 3cr and Rc ) 

f c = My/l = 2l6 t 0O0(l4.4)/383 * 8.121; 

fs 'f- tl/t ». lll/.025 = 4.440 >^:.* 

B - fc/f s =8121/4440 = 1,83 (Eq.73) 3 

B/A = 1.83/1.75 = I.05" 

Rc =(-1.05 +*Vl. 05 a + 4 J/2 = .60 (Eq.. 76 ) 

Rc = R C (B/A) = .63 (Eq.82) 

F'scr = 3.205(.6o) = 1,923 (Eq.75) 

For the skin in the buckled , condition 

fs = q/t - 116/. 025 = 4,640 

fs/Fscr - ^.6^0/1,923 =2.41 

300td/Rh = 300(.025)(15)/15(7.85)= .955 

k = .51 (Fig.Cll.19) 

F s = 23,000 (Fig.C11.42) 

M.S.j^p^e = 23000 /4640 -1.0 = High 

e sk * f 3 [|x.51/sin2i* + . 652sin2cff/E 
= . 001)442 ( 1. 02/sin2* + .652sin2cA) 

- - -(Eq.97) 

(A = 25.^°. (see "Determination of of, !») 

Proceeding similarly for panels b" and c 



Rcb = '69. kb - .46, Fsb 23, 500, 
fsb = 5.000, Rc b . - ,52, d b = 24.8? 
M.S.b = High ■ 5 . 

R Cc = ..67, kc = Mi Fsc - 23,000 
f Sc = if, 640, Roc = .56, e/ c - 24.0? ■ 
M.S.c - High 

Inter rivet buckling along stringer 2 

in bay AB * M "~ 

F ir = tt*x10.?x10 /(.75/.58r.025) 2 
= 39.473 (Eq.C7.22) 

fc = feskin + f D. T.Max = 216,000x15,7/ 

27&+ 9.761 Uee "Stringer" )= 22,048 

M.S. = 39473/22048 - 1.0 = .79 

General Instability 

The following is based upon panel 2 
(it is more critical for panels at the ' 
neutral axis where panel shear stress is 
larger). Per Fig.Cil.39 and. Its notes 



■arr 



fstrx/VgXlO . .409, X.765 3C1Q A uu 0 
(dhK fiV (15x.785r x 1<P " 

p sinst /E c > 3.000 ; iJ 

Fs Xns t > 3.000 i 10:7 x; 10 > 32,000 

f a ■ =5.000;— . - ^ i * s ";1 : ~ , 

M.S. > 32V000/5 . 006: - 1.0 = High 

Stringer 2 (between panels a and b) 

This will be checked using the three 
methods discussed and using an average of 
the ralues for data in panels a and b 

fa.tr. =. fp - fD.T. 

I A st r/ht + ,5(l-k)Rc lEq ' 88) 

-216000(15.36) _ .485(4820) s 
276 .094/7.85 x .025 + 

cot(24.8°) 
.5(1 - .485) (.645 

= - 12,021 - 7.736 = -19,757 

fD.T. Max 0 -7.986(fD.T.«a X /fD.T.) <Eq*9l) 

= -7,936(1.23) = -9.761 

F S T = NxC = 21, 800 (.883) .». 19.249 (Fig.Cli 
■ Pr . x ■ , ' .38) 

•Mstr only) = .409 F cc = 28,600 

The three types of analyses follow. 
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Quick Analysis 
Local Strength 



l.S 



12,021/28,600 + (9761/19,2^9) = .776 

(Eq.103) 

M - s « a j£L <Flg.c4.34) 
Buckling Strength 

Per Eq.(104) and its discussion, 
F cr = 28600 - 28600* (15/.409 f/4flxl 0.7x10 s 

= 25,995 (Eq.C7.3D 
p DT c r " 28 * 600 ' 28 ' 6o ° J (15/V2 x .348)7 
4*fl*xl0<.7xl0* = 26,801 (Eq.C7.31) 

M ' S * = 12021/25995 1 + 7736/26801 * 1,0 

= .32 (Eq.104) 

N.A.C.A. Method 

Local Strength 

For an applied torque loading only . 
it is found after several successive 
trials that when f s is 10,600 psi the 
resulting vaiue, of f© t may is equal to 
F ST (Fig.C11.38). Then, per Eq.(105) 
with F B o ■ f s - 10,600 

12021/28600 + (4820/10600) = .727 (Eq. 105) 



M.S. - .30 (Fig.c4.34) 

Buckling Strength 

As above, it is found that when f a 
is 13,400 psi the resulting values of 
f D.T, and Fd.T.ct are equal. Then, per 
Eq.(io6 with p 30 r =: f s = 13,400 

12021/25995 + (4820/12400 ) S = .678 (Eq. 

106) 

M.S. = .39 (Fig.c4.34) 
Melcone-Ensrud Method 

P c = 25,995, 



f c = 12,021, 
F* 0 = 27,300, 



f B = 4,820 



I s tr - .0157.J s tr = °94( . 040 f/3 = . 000050 

t - 1+ (15/15) R.0157/. 00005) (.025/7.851 
= 2.0 J 

tog = M y /]C gross = 21600(12.55 )/383 
"7,078 

\ = 1/(1 + 7078/4820) = .798 

S m 15 4 /15(.025) = 600 



f' s = -fr/i + (6ooMi0.7xlO < x.025)/15 = 2,777 

P B - 5.25x10,7x10* (.025/7.85) - 559 

F Scr - 2777 + 559 =3,336 

AF Scr = .790(3336) = 2,662 

fc = 2.0(4820 - 2662}(7.85)(.O25/.094 
= 9,011 



f 0 = .798(559)(15)(.025)(. 053x7. 85/15)/ 
= 539 .094 



M. S.= 



+ 



- 1.0 



.37 



Summary of M.S.. Besults for Stringer 2 



Item 


Quick 


N.A.C.A.. 


Meicone 


M.S. 


Analysis 




Ensrud 


Local Strength 


•23 


.30 










.37 


Buckling 


.32 


.39 





Ring B (Between Stringers 1 and 2) 

This add3 the fp ratio not shown in the 
Eq.(92) previously but which applies 
when any primary loads are present on 
the ring. Using average values of the 
two panels (a and c) on each side of 
the ring, (fp and F oc would be for the 
critical flange) 

- .48(4640)tan24.7 <> „ n u L 

fr s-".l34/l5x.025 + .5(1-.48J " ~ 7 ' m 

frgMai -1.0/ frgMaz = 7,844 (Fig.Cll 

•21) 

F TK - NxC «= 140001.883 = 12,362 (Fig.Cll 

38 ) 

M.S. = 12362/7844 -1.0 = .58 

Attachments 

Assuming a splice in the skin along 
stringer 1, the load/in is larger for 
panel a 

Load/in = 4640x. 025 -1**51 (l/cos25, 4-1) 

= 122 (Eq.99) 
Load/attachment = 122 (,75) = 92 lbs 
Pall/attachment = 356 lbs (Joint data) 
M.S. = 356/92 - 1.0 = High 
There is also the normal loading/in of 
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Load/in = . 22( . 025 ) (64000 ) = 352 lbs/in 

(Ea.102) 

Load/at tm't = 352(.75) =264 lbs 

Pall/a ttm't = 197 lbs (Art.Dl.26, Table 

A) 

M.S. . - 197/264 -1.0 = -.25 

For,. the. r : e quired M.S. of .15 the '.r ire t 
spacing would hare to be reduced to 
about ,48 In. 

For a splice along Ring B in the 
region of panel b 

Load/In = 5000x. 025[l+.46( l/sin24. 8* -1 )j 
= 205 lbs /in (Eq.100) J 

Load/riTet = 205 (.75) = 15^ lbs 

.. M.S. = 356/I54 -I.O = 1.31 

The tension M.S. here is the same as for 
the longitudinal splice above (-.25) and 
would also require the above .48 spacing 

Determination ofolln the Panels 

Panel at k = ,5W f s = 4640 

flc = .60, M = 216;, 000 



JL r . .51(4640) tan* 1 

.7x1.0* Li34/15x.025 + .5(l-.5ij 

(Eq.93) 



r s .. 10 

= -.000367 tanc* 



216,000(17.32) _ 



€str r. 10. 7x10 s |2 176 - " 

■ : .51(4640) coto< , n 

. 094/7. 85x. 025 +.5( 1 - . 5,1 )( . 6 0)J 

..^. V :0^ (Eq.89T 
' • = -.001267 - .000353 tan<X 

^sk= %$g$$t>* (1-.5IX1.A .33) 

x sin2e<J (Eq.97) 

= ,p0045l/sin2* + ,000288 sin2o( 

' £alt ~ §aJa 

€sk " € rp: - (7.85/15) /24 



tan 2 ^ 



•rg 



€ s k -<f rg - .011412 



(Eq.98) 



After several trials It is found that 
vfhen'bf = 25.4" is' used in the strain 
equations the resulting value of 
crt from Eq. (98) is also 25. 4", hence 
a = 25.4" for panel a 



Panel bi k""« .46, 

Rc = .69, 
and 

6 r g = -.000342 tancK 



M 



5.000 

216,000 



€ str = -.001123 - .000323 cot* 

£ gk . .000438/sin2ol + . 000342sln2ol 

Proceeding as for panel a, = 24.5? 

Panel 01 k - .45, f„ = M^O 

Rc = .69, « - 171.000 
Proceeding as for panel a, <rt c - 24.0*. 

These values of (X were used in the 
previous calculations of stresses due 
to diagonal tension action. 

Final Note 

To illustrate the analyses, only 
the region in the upper portion of the 
shell has been considered, where the 
stringeis are more critical. The shear 
is higher in the panels near the neut- 
ral axis, so the panels, rings and 
splice attachments will be more critical 
there. 

LONGERON SYSTEM 



C11.35a Longeron System in Diagonal Tension 

The longeron structural system is 
somewhat simpler from a total analysis 
standpoint, f- This is be cause; the re are; 
fewer members carrying the v axiai loads 
and not- as many shear panels; with vary- 
ing shear loads. This- type of struct- 
ure may, or may not; be the optimum ar- 
rangement from a weight and manuf aotur? 
ing cost" consideration for a particular 
airplane t that requires an optimization 
study, 1 ' The methods of analysis presen- 
ted here would, however, have a place in 
calculations for such a study. 

; Some typical types of longeron 
structural systems cross-sections for a 
fuselage are shown in Fig, CI 1.44a. and 
C11.47a. ■;- • - r :■. ' 

Longeron, 





(a) '(b)--.. . (0 

Fig.Cll.44a Longeron System Structures 

Fig. (a) shows the minimum arrange- 
ment as to the number of longerons, 
since at least three axial members are 
needed for equilibrium when bending mom- 
ents in more than one plane are present. 
However, this does not provide a "fail- 
safe" design, since,. failure oe any one 

member will not leave a structure cap- 
able of withstanding ..some .arbitrary re- 
quired percentage (usually 6 O-6756) of 
the design ultimate, loads. .The system 



LONGERON SYSTEMS" IN DIAGONAL TENSION 



61 



shown In Fig. 44b is capable of doing this 
and is the minimum type acceptable from 
the, fail-safe standpoint (four longerons ) 
Four to eight, longerons are normally used 
depending upon other design and manufact- 
uring factors. 

The longeron system, however, re- 
quires more closely spaced rings than 
does the stringer system. The spacing is 
set after trade-off studies are made and 
la usually four to eight In. depending up-' 
on the size of the fuaelage. The rings 
support the skin, dividing it Into small- 
er panels. They also support the longer- 
ons in the same manner that "uprights" 
support the flanges in a plane web beam, 
but; not in a radial direction. There are 
no "floating " rings in the longeron sys- 
tem. 

After buckling the skin has tension 
folds which , rather than being "flat" as 
in the stringer system, lie on a hyperbo- 
lold of reVolution. That is , they Ilat- 
teri diagonally between the closely spaced 
rings (see Hef.3 and 7). in this system 
d<h, see Fig.CU.34-, 

Cl 1.36a Analysis of Longeron System 
In Diagonal' Tans ion 

The engineering procedure for calcu- 
lating the stresses and allowables for 
the longeron system is similar to that 
for the stringer system. The reader will 
note the differences. 

1. First, at any bay being checked one 
determines the primary internal loads 
distribution in the longerons and shear 
panels,, due to the primary applied loads, 
using engineering bending theory or a fi- 
nite element analysis. Effective skin 
per Eq.(83) is used with the longerons in 
compression, 

2. Next, one determines the shear buck- 
ling stresses in the skin panels. Since 
compression stresses are often present, 
pure shear buckling does not occur. Thus, 
as discussed for stringers,, some rational 
interaction is used to obtain a "reduced" 
shear buckling stress. This can be done, 
for example, by using some "average" com- 
pression in the panel, weighted toward 
the high side for conservatism. Thereby 
the interaction method of Art.Clli32 can 
be used where 



as in Eq. (76) 



and A is determined for a curved panel of 
length "d" between rings andheight "h" 
between longerons measured along the cir- 
cumference, as In Fig.C11.34. B is the 
ratio f c /fs for the particular loading 



condition being investigated. The comp- 
ression stress is calculated for no skin 
buckled. Then, as In Eq.(75)» the re- 
duced shear buckling stress is 

Fscr = Reiser 

The effective skin areas are reduced by 
the shear stresses, per Eq.(83) 

When tension strains are present with the 
shear then, as in Eq. ( 77) 



and 



H T = 1,0 + ft/2F cr 
.F 8cr - Rt F 3cr , as in Eq.(79) 



3. Nexi, the loading ratio, fs/Fscr» can 
be calculated using Fs cr as determined In 
2 above. 

k m The diagonal tension factor, k, is ob- 
tained from Fig.C11.19. 

5. The total axial stress in the longeron 
can be written as follows 

f L = f P - f D .T. 



fp - 



where 



kf s ht coW) a + 
2AL + l.5htU-k}Rc) a + 

kf a ht cot^) h: ;;;_ (1 } 

2At + (.5ht(l-k)Rc) b 

fp = primary stress from step-, (1), 

(+) if tension and (-) If eomp, 

Al * Longeron Area 

and 

k, f s , cot<*, Rq, H<p, h, and t are as 
previously defined. One set, subscript 
(a), is for the panel above the longeron • 
and the other, (b), for the panel below it. 

6. The average stress in the supporting 
ring (or frame ) due to diagonal tension is 
given by the following formula (and note 
that this is different from that in the 
stringer system) 



frg 



kfn tanoC 

A rge ■+ .5(l-k) 
dt 



(114) 



where (as in Eq.(58)) 



A rge ■ W (1 + f e /P> > 

This formula is similar to that for the 
effective area of a single upright in a 
plane web system, Art. Gil. 20) where 

e « distance from ring e.g. to the 
skin meanllne 

radius of gyration of the ring 
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cross-section about an axis, parallel to 
the skin,' *vr?t . f-« stf;- - 

Equation (114) assumes that k, t s% ■ 
d, t, etc. are the same for the panels 
on each side of the ring. If not, then 
the average value should be used, oth- 
erwise, ,f r g must be written as the sum of 
two effects, as was, done for the longeron 
in Eq. (112), 

If the ring (or frame ) also has in- 
ternal loads due to the primary applied ' 
loads, then a term fp should be included 
In Eq.UlW as discussed for Eq. (108)* 
This Is most likely to be significant for 
the larger "frames" rather than for rings 

ring J h | 1 m ^ lfflum , atress ' f r SM± « : an the 
W = frg<^^) - — -(115), 

where frgMax/ f rg is from Fig, CI 1.21, 

7. The diagonal tension angle, <* , for 
each panel (needed for the various eq- 
uations) can be calculated In two ways 
for the longeron system. The quickest 
method, for preliminary sizing particu- 
larly , is to determine crt directly from 
Fig. CI 1,^5. The more accurate, but more 
tedious , , Is similar to that shown for the 
stringer system, as follows 



= pp - pd.t. 1rt . 

x f P (A L + Ae gk ) - [(kf 3 ht coto() 4 /2 

> (kf s ht coto0 0 /I] 
Per - Pcr (A L + Ae 3lc ) (121) (120) 

where fp = primary axial compression (-) 
stress, Ae s k Is per Eq. (83), Fcr Is per 
Eq.(C7.3l) ■ or Fig. C7. 33. with F cs = Pec 
per Art.C7»30, with L distance between 
major frames and P calculated with Ae s k, 
Then , <s ' ■ C- * t r ***** *~' * ; ™ ' " - ' • 
icSi''^ ■ M.S. ™ Pcr^ 



1 f kf H cot* 1 ].., 
- Ec |-A rge /dt + .5(l-k)J " " " (U6 

r -iff kf a co£Q< ~| 

" ~ E ° |_ P " Ar/ht * ,5(l-k)Rc| " " 



(117) 



6 ** = MI3r^ + (i-*m^>sin2^] .(us; 



where fpi due to primary loads , is nega- 
tive when in compression, , v r 

The equation for £< is slightly dif- 
ferent from the stringer system 

tan<K = €sk-6rg * (d/R^rtan^B ~ (119) 

c< Is determined by successive trials as 
discussed for the stringer system. For 
the initial trial a value for # of 30* - . 
35° Is reasonable, or use the value from 
Flg.CU.lf5. 

8, Strength checks can then be made as 

follows 

Longerons 

The longeron acts as either a column 
or a beam-column, supported ..by the major 
frames ( not by the rings )' which have, s cue 
spacing, L (which is much larger than d). 



If the longeron is "straight" between 
the frames and has no radial loads from 
anyxrlng , it can be analyzed as a r column. 
If it has curvature between frames Or 
radial loads from any ring "lt ! is a' beam- 
column. In either case, although it may 
be continuous across supporting frames, 
it Is usually conservatively' assumed to 
be pin ended and of length L, 



Co lumn Analys is 



Beam-Column Analysis 



If the longeron is a beam-column as 
described above, local failure must be 
checked for the critical cb^ressibh 
flange stress which is ' 

f = f c + fD.T."-* Mc/I - -(122) 

where f c is the primary compression (-) 
stress , and M' is the bending moment due to 
beam-column ac t ion including Ae-^. M' 
Will cause tension (+) in one flange arid 
compression (-) In the other. Then 

■■•"<■.■ tt • '•' *' 58 *• ' ' ■** ■ " 

M.S. = l/(Rc 4 ED.T. + Hbend) " 1.0 

where Ro and Rbend are P er . Art.C3.l8, Me- 
thods and Rd.T. = fD.T./PL Where F L is 
from Fig. Cll. 38. ' ' ' ■ 

OrV^- ^ - 



.. M.S. = f e + Mc/I f D<T . -1.0 

; ■ ; -..;:Fc : • ' Fi . 

where P e is per Art. C3.18 , Method 2, 
The larger of the above M.S. is used. 
PD.T;. is defined in Eq. (H3)j - 

For a longeron fully supported ( in 
two directions ), as In Fig.Cli.47a, there 
is no column or beam-column action 
since M*= 0.. Therefore 

M.S. * l/(fo/P co + fD.T./ p L) -.1.0 

f • -U23) 




Fl«.CXl>7a SMlly Supported longeron (b) 
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Rlngt 



M.S. = Frg/frgMai; -1.0 
Where F rg is per- Pig. Oil .38 



If the rings have stresses , f pv . due, to 
any primary loads then. 



M.S. 
Skins 



l/(fp/P C o + f rg«a X /Frg) - 1.0 



Strength check for ektxi rupture 

M.S. « P s /f s -1.0 

where F s Is per Fig. Cll, 1*8 

Permanent Buckling 

Usually no permanent buckling is as- 
lowed at limit load. 

M.S. = Fsp.B/ f s ~ 1.0 
where Fsp.s. is V* r P1«..C11.46 
General Instability 



M.S. 



■sins 



t /f B -1.0 



where Fsi n3 t ls P er Plg.C11.39. Note 
that no effect ire skin is used and that 
/tong Is United to .3^ at most. A M.S. 
of at least ,15 is recommended. 
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Attachments 

The margins of safety for the at- 
tachments are calculated in the same man- 
ner as discussed for the stringer system. 

C11.37a Biampla Problem 

Determine the following margins of 
safety for the structure in Fig.Cll,^8a 
and Its ultimate applied loads. 

a) Skin rupture for panels a and h 

b) Skin permanent buckling 

0 ) Interrlvet buckling .along longeron 1 
<i) General Instability based on panel b 

e) Longeron 1 

f ) Ring at A between longerons 1 and 2 

g) Fasteners along longeron 1 assuming 
skin ls spliced there 

h) Fasteners along ring A, assuming skin 
ls spliced there 

1) Same as .(g) assuming no splice there. 

As for Example Problem 1, the primary 
loads are determined for, both, the con- 
dition of no skin buckling and then for 
the skin buckled. The following table 
presents those internal loads and geome- 
try needed for the above analyses. 




■5 Kin an J Jt/nfS 
£0Z*t-T3 SJtect 



Ja75~'T73 Extrtpion 



.s&j&iso J**?"™'! /.?<r&!*j 



4. 'jo-ft/a 6 - 
Fro' Iffioo 

Aiir<*ts are. Waiters*'' head MSZofVO ADr f 
at ,JS"" spacing 



Fig.Cll,i(-8a Shell with Longeron Construction for Example Problem 
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Table Cli.3 Internal. Loads and.-Geometry 



Condition 
■ of- Skin' ' 


<u 5 

lb/ln 


<!b * 
lb/ln 


lb/ln 


lh 


** 1 

' "in" 


Xb .* 
In 


7c 1 

In 


Ho Buckling 


212 


263 


263 


0 


14.39 


9.09 


9. OS 


Buckled 


212 


264 


264 


3.30 


17.70 


12.39 


12.39 



Table Cll , J ., - ( Continued ) • 



Condition 


JLongl 4 


y Long|- 


. Ma.b* 




la. i 


of Skin 


In 


In 


ln-lba 


ln-lba 


In* 


No Buckling 


! 12.33 


0 " 


32^ 000 


310,500 


402 


Buckled 


15.63 


3.30 


324 , 000. 


310,500 


261 



Notes i (Same as for Table CI 1.2) 

Skin Panel Analyses 

The analysis Is Illustrated only for 
panel a, but results of a similar analy* 
sis for panel b are presented later on. 

Panel a ; . •< * - 

Z = b*(l-^)' /Rt = k.S (l-.33*)/l5(.02^. 
a/b = 15. 71 A. 5 = 3.^9* k 8 - 17. 5 1 51; 
F Scr - 17. 5^110. 7I1CT (.025/4.5)*/ 

. , !2<1-.33 A ) .« 5.334psl (Fig.C9.5) 
k c * 19.5»(Fig.C9.1)i , 2 
P Ccr = 19.5tT*x l0.7il0 6 (.O25A,5) / 
: 12(1-. 33?) = -5.944 psi 

For the non-buckled skin condition (to 
obtain Rc.r k and. Rc ) • •* ' f " 

fc = «ay a /l a - 317 ,250(14. 39)/402 - 11,356 

fa = qa/t.«= 212/. 625 = 8,^80 



SOP X10 /E c Fcy * 4x5334x10* /10. 7x10* x 

39,000 * 5.11 



Permanent Buckling (At Limit Load) 
f sLimlt - fsuit/1.5 = 8,480/1.5 = 5.653 

4F, 

Fsp .B.^Bcr " 1.3' (Fig. Cll. 46) 

F.., n = 1.3(5.334) - 6,934 

M.S. » 6,934/5,653 - 1.0 «= .23 

Interrlvet Buckling , Along Longeron 1 ,a/b 

Fi _ —Tt z ilO. 7xl0Vl ,75/. 56x. 024)* -39, 473 

(Eq.C7.22) 

fc = f c S k + Fn.T, ■ 317, 250(16, 29 )/26l + 
10,^55 (see "Longeron" ) = 30,246 

M.S. - 39,473/30,246,- 1.0 ■ .31 

General Instability , Based upon Panel h 

Proceeding per Fig. Cll. 39 notes and dataj 



.3^x. 689^x10^ 



(4,5 .x, 15.71 Ji*lX5>" 

43.83 



A = Fccr/fscr = ^-U2 
f c /f a *°Il356/8480 



B 

B/A 



1.20 



1.339 



Rc = < -1.2ft +"Vi^20 a + 4)/2 = .57 
Rc = .57(1.20} = .68 

F Scr = RoFscr « 3.040 

For the buckled skin condition, 

fs = la/* ■ 212/. 025 = 8,480 

fs/Fs c r " 8,480/3,0^0 = 2.79 

300th/Rd = 300(,025)(2.0)/15 = 1.0 
k = .59 (Pig. Cll. 19) 

Skin Rupture 

--fg«*- 8480;: F s « 21,100 (Fig. Cll. 42) 

U.S. « 21,100/8,480 - 1.0 

. - 1.49 . 



(dh)*R, . , . 

P 8Inst xl ° 3/E « >3 
Hence, F slngt >3xl0, 7x10* /10 J > 32,000 psl 

fg = 10,560 , . . ^ ftl < . 

*. ■;. .VL.S. = 32,000/10560 -1.6 - High 

Ring . (Between Panels b and c ) 

A r , * .0?84| I xg = .0372i p TK = .689 
el .875 (.0125)= .888, rs 

Arg e "= . 0784/( l+( . 888/. 689f )=. 0295 (Eq.5$ 

, . 555(10560') tan36.05* = □ fin1 

. rS ." .0295/4.5X.025 + .5U-.555 VcS^iJS) 

f rgMax /f rg . * *»3° (Fig. Cll. 21 for k aT = ^ 

frgMax =1.30(8801) = li,44l 

M.S. = 11,743/11.441 - 1.0 = .03 

Longeron 1 

The longeron is supported by the ma- 
jor frames, 36 in apart. This is the onr- 
ly support in the radial direction. Per 
Eq. (11 3) and data for panels a and b, 



f L = f P - xd.t. 

-31725.OUS.63) 17^9(8480) (is .71) 
251 [2(. 2288) +.5(15.71) 

. (.025) cot35. 8%. 56(10560)(15 71) 
(.025)11 >59 ) \ .5.6) + . 5U5.71 5 ( . 025) 
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'M^ .-ga-,iy, 

<rp) < f D.T. J 

= -2?,kl& psi 

. If Longeron 1 were supported in two 
directions (which It isn't). like the one 
(b) in Pig. 11.47a, then Eq-. (123) would 
apply with fp ■ 371»250(15»63)/26l • 
22,232 Cat the left endh Then 



M, S , 



390 

Buckling Check 

This uses Eq,(120) and (121). For a 
longeron the effective skin width is 
(Eq.l, p.A19.t2) 



so 



2w = 1.9tYE c /f c 

- 1.9x.025"Vl0.5xlO /29^4 = .89 in 
Aesk » .89(.025) = .0223 In 4 
and using Fig.C7.26, 

pLong " l-<*'(t51) = .59 and t/P = 6l.O 
For the Longeron F cc = 62,690 (Art.C7,30) 
So, F 



c? » 62690 - 62690* (61 f Aff*no.5 x, 

= 27^12 10 4 



Since this ls<F 0C /2,use 

F cr - Tt**10.5xl0*/6l 2 - 27850 
p or = 27850 (.2288+. 02^3) =6,993 lbs (Eq.l2i 
PLong —18999 ( . 2288+. 02*3 ) - [?59 ( 8480 
(15.7l)(.025)(1.387)/2 + 
.56(10560) (15.71) (.025) (1.371 )/z] 
= -7736 lbs (amp.) 

M.S. - 6993/7736 -1.0 = -.10 



So 



So, the longeron would need to be 
made larger (more thickness). 

Beam-Column Check 

The Example Problem does not have 
any beam-column loadings. If it did, the 
M.S. would be much less than the -.10 for 
buckling (beam-column margins are always 
less than for the column). To find the 
M.S. for this particular case (where 
P >Fcr) °ne must find the common factor, 
A, by which all of the shell applied 
loads must be multiplied to give a M.S. 



of zero (and A will be <1.0). The M.S. 
will then be A-1.0 (Art.CS.a8 ) . 

However, to illustrate the general 
procedure assume that only the applied 
bending moments on the shell are reduced 
30jS to be 181*, 275 and 259,875,' and that 
the data in Table C11.3 still applies 
(some of it will change slightly). Then, 
proceeding as before 

f L a -245025 (15. 63 )/26l - 104455 

= -14673 - 10^5 = 25118 

2w = 1.9(.025)"Vl0.5xioV25H8 = .97 in 

Ae sk = .97 (-.025) - .0243 sq in 

PLong - -14673 (.2288+.0243) + 2965^ 6679 

and Buckling M.S. ■ 70^9/6679-1.0 m .06 

For the beam-column check assume that the 
longeron has a slightly curved installed 
shape, as In Fig. C3. 33c with e = .10 in. 
Then, per the "approximate formula" 

M'= 6679(.10)/(l-6679/?0^9) » 12724 "i 

Per Fig, Cl 0.15b formula 

Muit -[45000 (.75x1. 5 f /(.75/.08)' 7 5 

(70000/10.5x10* )'/.06o4 =« 10717 
Then, per Method 1 of Art.C3.l8, 



M.S. 



, 1272^ 
10717 



1.0 = -.53 



Using Method 2, Art.C3.l8 
K * 1.19 (Fig.C3.8) 



it 19-1,1] 
1.50-l.lJ 



F c 50000^+ | t'gnlt't'l (70000 - 50000*) 
-= 54500 

f - P/A + Me/I = ^ 273 j' 75) 
* /A ' .2531 ^761 

= 166320 psl (comp) 

So 

Per Art.C3.l8, the "better" M.S. of 
Method 1 53 , would be used. Thus the 
longeron must be made larger (more 
thickness ). Note the large negative 
margin caused by beam-column action, 
whereas the buckling margin was a 
small fta jitive one. 

« Thi« 1, tba prop, U»lt itrtin ««. -page JS footnot*. 
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Shear Panel; b Calculated Data ' ... 

. The. following data for panel b were 
calculated as was illustrated for panel a 

f a = 10,56O t F Ccr - 5,994 i P Sg , » 5.33^r 
A - 1.112 t f c .= 317250 (9. 09)7*02 » 7l?^» 

B.. - .68, Be «' .7^1 Rc - .^5i P 8c r ** 39^7 
k ■ ,56r M.s. Rapt.?,. i; Oi l,, 

M.S.p.B. ■ -.02r M.S.i r .29 

Attachments ' 

The allowable load/rivet Is the same 
as for the stringer system calculations. 

a) For an assumed splice along Longeron 1 
between panels a and b, the largest 'shear 
flow is 263 lbs/in 

Load/In - 264(l+ i 56(l/cos36.1-l))« 299 
Load/rlTet « 299 (.75) = 224 'r 

M.S. - 356/224 -1.0 = .59 

Due to tension field prying action 

Load/in ■ ,15(.025)(64000) - 240 
Load/riTet « 240(.75) «= 180 

M.S. - 197/180 -1.0 = ^02 7 

b) Along Ring, assuming panels b and c 
are spliced, there 

Load/in = 264(l+.56(i/sin36.1° -1 )) « 367 
Load/rlTet - 36?(.75) « 275 

M.S. « 197/275 - 1.0 - -.28 

c) Along Ring for no splice there is no 
shear transfer, only a prying load 

Load/ In - .22 (.025) (64000) - 352 
Load/rlret = 352(.75) - 264 

M.S. - 264/352 ^1.0 - -.25 
Hence, for (b) and (c) a smaller rlTet 
spacing is needed, about .60 in. 



^sic - WxT^W^'- (1 - 59 Hi*. 33 ) S 

« ,000935/sln2c< + .6ob431sin2c< 



tanV = 



«sk - frfi ifii/lSV 1 - tan*4/8 
^sk - frg - .011250 tan 2 C* 



After seTeral success iTe trials it is 
found that when <* - 35.9 is used in the 
three strain equations, the resulting va- 
lue 
hence 



of ot per the last equation is 35, 8*! 
5 ec< = 35.8° 



Diagonal Tension Angle, 
Panel a: 



L , f -.59(8480) tanck H 
.7x10* j. 02957 45x. 025 4 .5(1-. 59 )J 



- T s - 10.7x10* 1.0295745 
- -.001001- tancX 



,,.10 



1 1 ^317250(15.63) .59(8480) 
.5x10* L 2bl .22Bb / 



15.71x.025 * 

«= -.00181 - .000683 cot<X 



Cot<?< ~ 1 

> *. 5(1-. 59) .(..562] 



.Panel bt ■ 

Proceeding as for panel a, the fol- 
lowing data are obtained 

k*.56| f a=10560i Hc=.73 which result in 

E T ~ = -.001134 tanC* 

€ L - -.001809 - .000758 cot o< 

6 sic « .O01105/sln2<* + .000578 aln2e( 

Proceeding as for panel a, «(^, 36.1* . 

Panel c » 

k».55i f s =10560t Rc«. 744, M=31 0,500 
Proceeding as for panel a, o/ c ■ 36.0* . 

Cll. 38a Summary 

The effect of diagonal tension Is 
to generate additional compressive 
stresses in the stringers, longerons and 
rings or frames, which if not accounted 
for will cause early failure ? The e f f ect 
of compression stresses along with the 
shear stresses increases these effects, 
while tension stresses will reduce them. 

The exact magnitude of the various 
diagonal tension effects throughout a 
network of skin panels defies simple ev- 
aluation, particularly when both shear 
and axial stresses vary from panel to pa- 
nel. However, some rational approach is 
necessary to complete the design, or spe- 
cimens for test programs, and the ap- 
proaches giTen in this chapter represent 
one such procedure. Where margins are 
small, element tests are in order. 

The stringer system is usually found, 
for example , in fuselage and wing struct- 
ure* where -there' arer relatively- few large 
"cutouts". to disrupt the stringer continu- 
ity. This. is more likely for transport , 
bomber and other cargo carrying aircraft. 
The lon geron? system is more efficient and 

» And alao Inaraaatl akla pawl ana r««t.n.r loads 
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suitable, where a large number of "quick 
access" panels and doors or other "cut- 
outs" are needed to service various sys- 
tems rapidly. These would "chop up" a 
stringer system very severely, making it 
Inefficient and also more expensive from 
both a weight and manufacturing stand- 
point. Therefore , longeron systems are 
usually found in fighter and attack type 
aircraft,^ and in others having such fea- 
tures. > There are, of course, other fac- 
tors influencing the choice of structural 
arrangement. 

Some -further notes concerning this 
general subject are included in Chapter 
D3. These include "beef -up" of panels 
and axial members bordering out-outs and 
non- structural doors, which is also re- 
lated to "end bay" effects discussed in 
Art.Cll.29. 

Although tension field analysis has 
been discussed only for primary structure 
it can also significantly effect secon- 
dary structure such as flaps, ailerons 
and other control surfaces. For. example, 
such surfaces usually have a relatively 
light trailing edge. Significant buck- 
ling of their skin x can generate addir- 
tional compressive loads in the trailing 
edge promoting buckling or local failure. 
A normal loading which bends the edge 
member inwards and generates additional 
loads in the supporting ribs is also 
present. Hence attention is needed here. 

C11.39> Problem for Part 2 

1. Recalculate the margins of safety for 
the stringer example problem assuming 
that the torsion on the shell is in- 
creased from 150,000 to 300,000 in-lbs, 
For the stringer analyses use only the 
"Quick" and Melcone«-Ensrud methods. 

2. Recalculate the margins of safety for 
the longeron example problem assuming 
that the torsion on the shell is in- 
creased from 300,000 to ^50,000 in-lbs, 
Use only Fig.Cll.^5 for determining o<. 

Cll.«K)a Problems for Part 1 

The problems for Part 1 remain the 
same as in the textbook-, (p. CI 1.^8). 

The reader is encouraged to consult 
the references (p.C11.^9)» particularly 
(3), (k) and (*7) for a broader under- 
standing of the subject. 

C8.1a Introduction 

NASA Cfl-912, "Shell Analysis Manual 
presents a large amount of data and dis- 
cussions for the buckling of monocoque 



sheila. Some of the more helpful data 
are presented in the following articles 
and figures. The reader is encouraged to 
consult CR-912 for a broader understand- 
ing of the subject. 

C8,2a Buckling of Konoeoque Cylinders 
Under Axial Compression 

O'ctM 1s calculated per Flg.C8.<8aa. 
Then F C r ls found by entering Flg.C8.9 
with (<Jcr/n)/F0.7» obtaining F c /F 0 ,7 and 
then calculating F CC r " Fo.7( F c/Fo.7). 
The shell ls then capable of withstanding 
an axial load of 

P cr - 2rfRF Cer t 

C8.5a Budding of Circular Cylinders 
Undar Axial Load and Internal 
Pressure 

When there is an internal (burst) 
pressure, p, along with an axial compres- 
sive load, the internal pressure increas- 
es C c by an amount ACc per Fig. C8. 11a 

which increases ^cr/*?' F ccr la then 
talned as In Art.C8.2i above* Per becomes 

Per ~ afTRFccrt +*tfH*p 

C8.7a Available Design Cumi for 

Bending Based on Experimental 

3e suits . 

£/ or Al is calculated per Flg.C8.13aa. 
Fb cr is then found by entering Fig.c8.9 
with (^cr^lJ'FOi?! obtaining F c /Fo. 7 and 
then calculating Fb cr = FO,7(Fc/Fo.7). 
The shell can then withstand a bending 
moment of 

Mcr =tr R*Fbc r t 

C8.8a Buckling Strength of Circular Cylinders 
In Bending with Internal pressure 

When there is an internal (burst) 
pressure, p, along with bending stresses 
the internal pressure increases C-q by an 
amount ACb per Fig.C8.l4a, which increas- 
es {T'cr/'A. ^bor ls then obtained as in 
Art.C8.7a above. The shell is therefore 
capable of withstanding a bending moment 
of , 

Her » TfR^Fbcrt + TfpR^/2 

C8.9a External Hydrostatic Pressure 

When there is a hydrostatic (col- 
lapse ) pressure, p, </cr/n Is calculated 
per Fig. C8, 15a (the lateral plus axial 
pressure curve), F Cox I s then found by. 
entering Flg.C8.9 with (</cr/*l VFO . 7 • ob- 
taining Fo/P0,7 and then calculating 
F ccr * F 0.7( F c/F0.7). The axial stress 
is one-half of the circumferential stresa 
F Ccr is in the circumferential direction 

80 Pcr - Fccrt/ a 
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Pig. C8. 15a Buckling 'Due to Hydrostatic (Collapse ) Prea sure , p 



When there is a radial (lateral) 
collapse pressure, p, only, cf cr A is cal- 
culated per Pig. C8. 15a using the upper 
1^1' Fc ?r is then obtained. In the same 
manner as In Art.G8.9a above, F Cor is m 
the circumferential direction, so 

Per * F Ccr t/R 

CB.lla Buckling ofQiroular cylinders 
Under Pure Torsion 

',' »r° r «o h i s ca3e ^crA is, calculated 

? 6I; S^S>?°^'.. p scr is found by enter- 

F^fJ 18 ™;; 1 ^ Wlt * W?^ r , obtaining 
Ps/Fo.7 and then caloulatfng' 7 Fg c _ 

f0.?<>Pscr/P0.7). The allowable torsion 
is tnen' 



Tor 



•scr 



,2tTR t 



C8.13* BuoldlnB of Ciroular Cylinders Under 
. Pure Torsion With Internal Frasauw 

When the re Is an internal. ( burst ) 
pressure, p, along with the torsion C, 
is increased by an amount &c s per • 
l is r C f- 20b r , Th ^s increases: <r cr /« and 
fser^i? obtained in the, same manner as 
in Art. C8.1 la above, as is p cr . 



C8.l2a Buckling Under Transverse Shear 

For the case of transverse shear, V, 
one proceeds as follows. Determine Fs cr 
for torsion, as in Art.C8.lla or C8.13a 
and multiply it by 1.25 to determine F Scr 
for shear. Since f g = VQ/lt one can 
solve this for V» for P Scr in place of 
fs. For a cylinder this gives 

V C r = Pscr 1 ^ 

C8.15i Buoklihg of Clroular Cylinders Under 
Combined Load Systems 

The. following Interaction curve ap- 
plies for the general case, and can be 
used to determine the margin of safety 
by successive trials (Art, CI. 13a). 

He + % + R 3t *+ (R a ♦ R D )" 3 = 1.0 

The subscripts c, p, st, s, and b refer 
to compression, collapse pressure', tor- 
sion, transverse shear and bending re- 
spectively. Including R p to only the 
first power is probably conservative, 
but collapse pressure is seldom present 
with the others. 

, For certain cases, where some of the 
loadings are absent , the margin of safety 
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0.40 



0.11 



0.1» 



O.IS 



0.J8 



0.15 



0.10 



o.ts 



trrr 




C? CT />1 = C c Et/H 
Z = L^Yl /Rt 



Valid for 

2 > 25 for Simply Supported Edges 
Z' > 80 for Clamped edges 




Flg.C8.8aa Buckling Stress Under Axial Load 




''°{p/E)(R/t) £ " 



to? 



Fig,C8.lia Increase in C c Due to Burst Pressure, p 
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Fig. C8. 20a Buckling Due to Torsion 




AC 



'•"(p/EMR/t) 2 ' 9 
Flg.C8. 20b Increase in C s Due to Burst Pressure, p 
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R/t ,0M 

Fig. C8,l3a Buckling Stress Under Bending Moment 




(p/E)(R/t )* 

Flg.C8.lW Increase In C b Due to Burst Pressure, p 
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BUCKLING OF CONICAL SHELLS 



can be calculated directly by formula. 



a) When R s =0 



M. 5. ; = 



Rc+Rp+fi b + ■yOic+fip+ab) 2 +^Rst 
b) When R D =0 



M.S.. ,= 



Rc+Rp+Rs+ytRc+Rp+Rs f +4R st 
c) When R st * 0 = Rc = R p 
M.S. « l/(Rg + r{) <>3 - 1.0 



C8.19* Additional Design Buckling Curves for 
for Thln-Vallod Conical Shu lis '; 



-1.0 



-1.0 



(Jq?/*) Is calculated per Fig.C8, 25a. 
F Ccr Is then obtained as for a cylinder 
In Art.C8.3a: F Ccr la at the small end 
of the; conical shell, and 

Per * Fccr 2 TT' R l' t cos<* 




^cr/7 = C c Et/Re Rq =» Bl/cosoC 

z = l^i/i ^/Ret | i-.;. j. ; 

Valid for . . 

Z >25 for Simply Supported Edges 

Z >80 for Clamped Edges . S; 

^-^75° ' j j 

To obtain C c enter Fig. C8. 8aarwith . Re/t 

Fig.ce. 25a Buckling Stress Under { X 

• Axial Load ' ' ■ 



When an Internal (burst ) pressure, 
Is present along with the axial compres- 
sive stress, it Increases Cc by an, amount 
AC C per Flg.CS. 25b. which lncreasess<Jcr/V 
F Ccr 13 then obtained as above. The 
critical axial load Is then: j;j -; _ - ' \\ 

Per = F 0cr 2Tt Hit costf f; p-rrRf 

For conical shells subject, to bend- 
ing «3cr/»? 13 calculated per Fig. C8. 26a, 
and F bcr Is then obtained as In Art.C8.3a 
Fu cr Is at the small end of the shell. 
The bending stress Is f = Mc/l, so 

M 0 r = F fccr irR*tcos 




<^ r /^ = (C c +6Cc)Et/Re 

To obtain AC C enter 
Fig.ce. 11a with Re/t 



Fig, C8. 25b Increase in C c with 
Burst pressure, p' 




Re = Rx/cos<K 

(fzr^l = C b Et/Be 

Z » L*Vl -A* /Bet 



Valid, for •, ~> 

Z > 20 for Simply Supported Edges 

Z > 80 for Clamped Edges 

; o< <6o*: . 

To Ibbtain C b enter Fig.C8.13a with Rg/t 

Fig, C8. 26a Buckling Stress Under 
Bending Moment 

When' an' internal .(burst) pressure, p 
Is present; along with the bending moment, 
it Increases C D by an amount A Cb per Fig. 
C8.26b. This increases <f^xh > and Fbcr 
is then obtained, as before, by entering 
Fig.C8.9 with VcrA?}/Fo;7 and obtaining 
Fc/Fo.7.- Fbcr is then calculated as: 
F0,7<*c/Fo.7 an <i 
. ...... ...... . ':'N'"*r.'ry..^i : .' '* j 

'■ M or = Fb CI - TT* Bit cose(. + pT f 

: For conical shells subject to tor- 
sion ^ r /?? is calculate 4 P er Fig. C8.27a 
and Fg CP . is then .obtained by entering 
Fig, C8. .1? with (r or />7)/Fo.7 and getting 
Fs/Fo 7. Fj" x is then calculated a3 
Fo.7(Fs/Fo,77» and 



■rt- . 



T cr ■> F 8cr 2rfRl* t 



? " When ah internal (burst) pressure, p 
is also present with torsion stresses the 
pressure increases F Co j.. However there 
is no- data for calculating the increase. 

\ Fdr Conical' shells subject to hydro- 
static (collapse) pressure C cr /tj is cal- 
culated per Flg.C8.2Sai Fccr Is then ob- 
tained by entering Fig.C8.9 with 
<<7'cr / W p 0.7« obtaining F o /F 0 .7 and then 
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Cfcrfy - (Cb +/iC b )Et/Be 



To obtain 4C b enter 
Pig.C8.1^a with He/t 



Pig. C8. 26b Increase In C D Due to 
Burst Pressure, p 




% T /*1 ■ C a EtB|/H]f HeZ^* 
He a [l + (1 + H 2 /Hir 5 A^ 

- (1 + R 2 /R 1 f i "V5"] R^cosoC 
2 - Lg 2 Vl -/UF /Ret 
Valid for 

Z >100 for Simply Supported Edges 
Z >100 for Clamped Edges 
0( < 60° 

To obtain C 3 enter Fig. C8. 20a with Rg/t 
Fig. C8. 27a Buckling Due to Torsion 

Fccr as p 0.7(Fc/F0.7). Per 13 then 

Per - p cr' t coaO</R2 

For conical shells subject to a 
transverse shear, V, the buckling stress 
is obtained by determining the buckling 
stress due to torsion and then multiply- 
ing this by 1.25. Then, since f s = VQ/It 
and With f s being at the neutral axis, 

V or - F Sor irRtA 




cost* 



LIZ R. + R, 

R 3- * 

e 2 cose* 
*cr t coiot 



cc<75* 



R.I 




Fig. C8, 28a Conical Shell, Collapse Pressure 

C8.20 Buckling of 9pharle«l Caps 

For a spherical cap subject to a uni- 
form collapse pressure , Fig . C8 . 29 » the 
buckling stress can be calculated as 

F ccr^ "» .175Et/R 
Fccr ls found by entering Flg,c8.9 with 
< F ccr/7)/ p 0.7» obtaining F Cc r /Fo. 7 and then 
calculating F 0c r a s F 0.7 ( p ccr/ p 0.7 ) . The 
critical pressure, p cr , is then 

Per = Fccr 2 */^ 



LIS 





Fig.c8,29 Spherical Cap, Collapse Pressure 



NASA CR-912 is recommended to the 
reader for additional data and discussions 
not only for shell buckling, but for much 
other helpful data about shell structures. 



where F 3cr = 1.25 time s Fg C p for torsion. 
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BOLTS . NUTS . BUSHINGS , TRANSVERSELY LOADED LUGS AND CLAMP-UP 



Dl.Za Enonomy In Pitting Design 

■ Also see Art.D3.9» Items 8 and 12. 

D1.3a Fitting Design Loads. Mlnlmim 
Margins of Safety 

Also see Art. CI. 13a about design 
loads and margins, pf safety. 

01.4* Special or Higher Factors Of Safety 

. Also' see Art, CI. 13a about design 
loads and margins of safety. 

Di.Sa Aircraft Bolts 

Unfortunately, Art. D, 15 and subseq- 
uent articles do not discuss single shear 
bolted, joints. , These are widely used in 
• aerospace .' structures , such as for attach- 
ing; skins to spar caps, skin splices etc. 
See Art. Dl ; 28 , Dl . 8aa and D3.5a, for help- 
ful: information about these cases, and 
also Art, Dl. 27. * ••..,.•"'"' 

01. 6a Aircraft Rata * ''"7,, 

$$$0$ Also see Art.D.t. 2? !and.. Table A46 

01.8a* Bushing* *'*"■: 

- The. lug or fitting should be de- 
s lgned so that: the ; required margin of 
safety will be preeent if the next; size 
bushing' is installed. If no bushing is 
present, the .lug., or fitting should, be ; . de- 
signed to' show the' required margin if a 
bushing is installed later on. 

Dl.lSa Lujt Strength Analysis Under 
-Transverse' Leading 

For the case of concentric lugs 
( Fig. Dl.U-a where e = W/2). .see Art, . 
D1.13a.. For the allowable load at 90° 
(a transverse load) based on test data 
see Art, Dl, 13a below. '- s -.---- 

01.13* Lug Strength Analysis Under 
Oblique Loads 

For the case of concentric lugs 
(Fig. Dl.ll-a where e = W/2) Fig.Dl-.15 can 
be .used to quickly determine the allow- 
able load, Pq for any angle from 0° to 90*. 
Only the calculated allowable axial ioad, 
P 0 . is needed (Art. Dl . 11.) . Pq is then 
calculated as 

P e = Po(Pq/P 0 ) 

The' "curve" is based on a great number of 
tests and with different materials. As 
shown,, the ..reduction factor varies from 

1.0 for 9=0° to.;. 75 for e = 90*. If . the 

lug' width increases, as in Flg.Dl . 11-b, . 
the curve gives a conservative allowable 
load. If it narrows, as with an eye-bolt 

* See p.AlO - A21 for bolted joint allowable data. 



type lug, the curve gives an unconserva- 
tive allowable load. 




Fig. Di. 15a Concentric Lug Oblique Load Strength, Po 



01, 27a The Inportanoe of Good Claap-up 

It is important that the stress an- 
alyst and structural designer have a good 
understanding of the importance of clamp- 
up action as to shear Joint strength, 
particularly for single shear joints 
which are so common in aerospace struct- 
ures. Previous articles about riveted 
Joints, Dl, 18. to Dl. 22, and bolted joints 
D1.16, have not discussed this important 
subject. As discussed later, lack of 
good clamp-up is why blind or countersunk 
or shaved head rivets and and blind, 
countersunk, thin head bolts or bolts with 
soft collars always, result in. joints hav- 
ing less strength/sti-f Trias's"' than do pro- 
truding head rivets or bolts with thick 
heads and nuts. It is also why the al- 
lowable joint loads. with these must al- 
ways be determined by tests' rather than 
by calculations.* The following discus- 
sion discusses the reasons for this. 

A fastener transferring a shear load 
in a ■ typical single shear joint' is 'shown . 
in Fig. Dl.M. " : If" the fastener does not 
have a head (i.e., a pin), or otherwise 
does not clamp, the two sheets -together, 
the joint equilibrium' arid bearing 
stresses will be .like that sketched in 
Fig.Dl.42." The extremely high bearing 
stresses in the sheets at the faying sur- 
faces will result in early yielding, a 
permanent set arid a greatly reduced joint 
strength and yield load. Thus the car- 
dinal rule is to never use any headless 
type pin or a bolt or rivet not provid- 
ing good clamp-up,' 

Clamp -Up 

;. When a bucked protruding,. head.,rive.t 
or a conventional bolt with a tightened 
nut is used, the joint equilibrium and 
the resu ltlng be ar irig stress distri- 



» For much suoh data see p. A10 -A21 
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DUCTILE JOINTS 
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; -<±> ■ ■/ 

Fig.Dl.M A Single Shear Joint 




U) (b) (e) «'laf>, (b) 

Fig. Di. 1*2 Searing Stresses Without Clamp-Up 

but ion are quite different, as shown in' 
Fig.Dl.^3. The presence of the 'tight 
head provides clamp-up and thereby allows 
the loads Q to be generated and balance 
the moment due to the bearing stresses. 






Fig.Dl.43 Bearing Stresses With Clamp-Up 
Thus there exists 

1. A prying loaa on bhe fastener heads 

2. A tension in the fastener 

3. A near uniform bearing stress on "the 
fastener (and sheets) 

With good clamp-up the bearing stresses 
are near uniform ( but even a "finger- 
tight" clamping of a bolt's nut is far 
better than hone (a "loose" nut)., Those 
fasteners, previously discussed, which do 
not develope as much c lamp -up , . have less 
Joint strength and stiffness, and their 
Joint allowables must be obtained from 
tests rather than from calculations. 
Blind fasteners are the worst In this re- 
spect. A steel collar is much better 
than an aluminum one but is heavier. 

Shims (Fillers) Between Sheets In Single 
Shear Joints ; [ 

When a shim is,, pre sent, .be tween the 
fastened sheets, its effect is to in- 
crease the loads Q (Flg.Dl.if-3 ) . This re- 
sults in more bending and tension in the 



fastener which can cause less strength 
and. stiffness, >fhen..the shim is fairly 
thin, say less than 1.0-1 of the fasten- 
er diameter, its effect is usually ig- 
nored. Otherwise, see Art,D3.5*» Art, 
D3.5 and Fig.D3.l8 as to how to pro- 
ceed, 

01.23a Rlvated Shoot Splioo Information 

The following information should be 
added at the end of "Proper Rivet Size 
to Use". 

Structural Joints should be made 
critical in sheet bearing, not in shear, 
A bearing critical Joint has ductility, 
whereas a shear critical Joint is of a 
comparatively "brittle" nature. This is 
because once the fastener begins to shear 
failure follows quite quickly, but when 
bearing critical there is considerable 
deformation within the Joint before fail- 
ure occurs?* This can be seen from the 
comparison of load-deflection curves for 
* Joint as shown in Fig. D1.44. The Joint 
deflection here is that within the Joint, 
between the upper , and lower sheets in the 
direction of the shear load, A shear 
critical Joint might be desirable when a 
piece of structure is to be ejected or 
"blown off", such as the ejection of a 
nose cone by an explosive charge,,- 



Shear Critical Joint (Brittle) 




Bearing Critical Joint 
{Ductile) 



(Spot welded Joints are the most brittle) 



Deflection' 
Flff.Dl.14 Brittle and Ductile Joints '■ 

Dl.27 Design and Strength of Threads 

The purpose here is to provide help- 
ful Information for the- design of threads 
to transmit a given load. Applications 
are for bolts in tapped holes, bolt-nut 
combinations and hydraulic cylinder end 
caps. The general question is how many 
threads are required. The answer depends 
upon the shear strength, F SU i, of the ma- 
terial in which the : threads will strip 
and the cylindrical area which will be 
sheared. The following assumptions are 
made for bolt -nut combinations and 
tapped ho le combinations. 



• 3ea p. AID - A21 for rlratad joint allowable data. 

Boe p.AlO for fastonad ahaot also distune*,. 

** Eajontlally mandatory for any aultlfaatanar pattern Installation 
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STRENGTH OF THREADS 



1. If -the bolt material has a higher 
strength than the hut material the 
•threads will be stripped- from the. hut, 

2. If the nut material has the higher 
strength the threads will be'' stripped 
from the bolt, 

3. If the ''nut and bolt'' materials"'' are" "of ■ 
equal shear strength the bolt threads 
will usually be stripped first. 

The strength of the combination- is calcu- 
lated for the three above assumptions as 
follows , - '- '"' : \ ^ , "/; ,v ;f" 

1. - Load at which threads strip from nut 

■ *' :J I : Phut = RrTDbLPsu :v '' 
where '■ ''■-'"' ■'*-'" ., ''"' ; 

K - " = ,4 =' efficiency of nut threads 
Db = bolt thread major diameter ' 
L "•"'■ length of thread engagement ' - 
F su = Shear strength of nut material 

2. Load at which , threads' strip from bolt 

1 Pbolt = KflD n LF su 
where :'"' :0: ' . "" ',"'„!' 

K ■■ ' A = efficiency of bolt threads 
Dn = nut thread minor diameter 
■ L = length of thread engagement 
Fsu "shear strength of bolt material 

3. Same as (2) above 

The formulas apply for typical bolt-nut; 
combinations or bolts In tapped holes, 
where ; L is more than 2/3 of the bolt di- 
ameter. For smaller values of L, K will 
increase slightly, as shown in Fig.Dli45, 
because of a more uniform thread loading, 
but such short thread engagement is usu- 
ally not good practice, since it may not 
develope the strength of the bolt. 




Pig.ni.>5. Thread Shear Efriclsncx Facto?, K 



Hydraulic Cylinder End Caps 

There are many .types of hydraulic 
cylinders used in aerospace vehicles. In 
general, the larger their diameters and 
the thinner their walls the more critical 
the end cap thread design becomes.' 

I ■ 

For the end cap to cylinder threads 
there Is a tendancy (due to the angle of 
the threads) for the part with the inter- 
nal threads to expand (due to hoop ten- 
sion) and for the part with the external 
threads to contract (due to hoop compres- 
sion). This lessens the thread contact 
area. With quite flexible (thin) parts 
only the tip portion of the threads may 
be engaged, and failure will occur at a 
' low "percentage or ; ^fie a B4loMate^'loa&>' r . 
even less than 20% in some case's ,, In .ad- 
dition to this the cylinder expands tinder 
the. internal pressure, and this wlli les- 
sen the thread engagement even more if 
the; threads on the cylinder are internal 
ones. This is most significant : -f of cyl- 
inders having thin- walls and large diam- 
eters. , "" 

■In general it "is suggested that for 
cylinder end cap combinations a K factor 
of .3 be used, and that the design be 
carefully considered to minimize the re- 
lative expansion and contraction of the 

mating parts., Threads on piston, rods , 

end caps, rod ends arid barrels are usu- 
ally machine cut. Machined threads. have 
a lower fatigue life than do rolled 
threads, so this should be kept in mind 
when designing parts which might be fa- 
tigue critical In the threaded region. 

D3 .5* Fillers ( and Shins ) ... 

As discussed in Art. D3. 5, a' filler 
(or shim) between the two. sheets... of 4 a f , 
single shear joint reduces the strength 
of the fasteners because of' the increased 
prying load . Extending the filler and 
adding more attachments , as shown in 
Fig. D3.18, restores the strength, but in 
many cases this is not feasible of neces- 
sary. ' '" V!"' _ ] 

Another approach Is to determine the 
reduced Joint strength and use this , if 
It is adequate. The following is a sug- 
gested method for doing this for single 
shear bolted Joints. It can be particu- 
larly helpful when shims are found to be 
necessary in manufacturing and salvage 
procedures. 

For a conventional single -shear 
Joint having a protruding head bolt with 
a stiff collar or nut, the allowable load 



SHIMMED SINGLE SHEAR JOINTS (FILLERS) 
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is calculated as the lesser of a shear 
failure of the bolt or a bearing failure 
of the sheet (for all other types of 
bolts and nuts, or collars, the joint 
strength must be determined by tests 
rather than by calculations, as discussed 
in Art. Dl. 27a). 

Placing a shin between the sheets 
causes an increased tension and bending 
moment in the bolt, so there may then be 
a third type of failure, bending and ten- 
sion in the bolt. The thicker the shim, 
the lower the Joint allowable shear load, 
V Q , becomes. The Interaction of shear 
and bending is not critical, so the Joint 
allowable shear load, V 0 , is calculated 
as follows, referring to Fig .03,; 19a. 
Also see Pig.Dl.f5. for more about fasten 
er equilibrium. 



Sheet 1 




V-v, 



4. 



D ft 

D/*rt. J6/nt Boft'. Btndma Shaw 

G-eorrctrj Iooas rbmtst 

Fig. 03. 19a Shinned Single Shear Bolted Joint, 
Loads on Bolt (and. Sheets) 

The sheet bearing stresses generate a 
bending moment in the bolt which is, from 

M 0 =Y e (t sl /2 + t s2 /2 ♦ t f )/2 

where t s is the required thickness of the 
sheet to develppe the applied shear load, 
V 0 , and tf is the thickness of the filler 
(shim), 

tsi = V 0 /F Drul D *S2 " V 0 /Pbru2 D 

hence a X 1 



*° = V ° ( 2PbTuI5 + 2i^5 +t f > /2 
Letting A = 2D/(l/Fb rul + 1/Fbru2) 

Vo /A + V 0 tf - 2Mo - 0 

V^ + V 0 t f A - 2M Q A = 0 



Then 
or, 



1. SolTlng for V 0 (the allowable shear 
load) and letting M D be M' B where 
B'b - .88M B * 

V 0 - (-Atf + ~|/(Atf f ♦ 8M b AJ>/<2 

2. If V 0 > V B use V 0 ■ V B where V B ,ls the 
bolt single shear allowable load 

3. Cal culate t sl = V 0 /Pbrui D and 

• Mb .'« bolt Bhartk allowable bending aonent (Table a4£) 
and .88 accounts for the tension In the bolt. 



calculate t a2 ■ V 0 /Ft)rU2 D 

k. If t 31 > ti use, tsi = tj_ and recal- 
culate V 0 = Fbrui Dt l 
If t a2 > t2 use t s2 = t 2 and recal- 
culate V 0 ■ F Dru2 Dt 2 

5. Use the smallest of the calculated V 0 
loads in (1), (2) and (4) above as the 
allowable shear load, V 0 . 

For all other fasteners. a Joint allowable 
load, V 0 , is gotten by assuming it varies ■ 
inversely with the- prying load (moment) on 
the fastener head. Hence, V Q is the allow- 
able load for no filler (Table 33-44 and 
MIL HDBK 5) multiplied by t s /(t s +t f /2) , 
where t g is the average of the two sheet 
thicknesses. 

The above procedures are believed co 
be reasonable, but they have not been 
checked by single shear Joint tests, 
which are needed for substantiation. 

For riveted Joints a similar proced- 
ure: could be considered, with substanti- 
ating tests of single- shear joints. 

A suggested test specimen for" single 
shear joints is sketched in Pig. D. 46. 



Shim. 



Flg.D.46 Shimmed Single Shear Test Specimen 

B3«7a Special Cases of Beaa Design 

See Art.A13.lla for additional 
curved beam discussions and data. 

D3.3a Tension Clips 

Additional allowable data for sever- 
al types of such clips Is in Pig.Al - kZ. 

D1.21a Strength of Rivets Flush Type 

See p. A10 - A21 for allowable data 
D1.22a Blind Rivets 

See p, A10 - A21 for allowable data 
Dl.?a Bolt Shear. Tension & Banding Strengths' 

See Table A45 
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DRAWING CHECKLIST 
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r'IG. Al ' ALLOWABLE TENSION LOADS FOH CLIPS 
(FORMED ANGLES ) 



MARGINS OF SAFETY AND DESIGN CHECKLIST 
Margin of Sateiv *<i? 

A checklist of minimum margins of safety and items" to be considered when 
designing and analyzing structural, joints is presented below. 

Margins ol Safety (M.S.) for fasteners and lolnta. 

• M.S. = 0.15 on all shear joints at ultimata.., 

• M-SVc 0.00 on all |olnts at yield. ' ' 

• M.S. a 0.50 on all tension joints at ultimate. 
■ M.S. ■ 0.1 5 on lugs. 

• M.S. * 0.25 on critical joints (wing pivot, landing gear attach tugs, 
., i ; ate.) as designated .by the aircraft design philosophy. ; 



Chickilat 



_|USE WASHERS UNDER BOLT MEAD) 

1 ■ ■ - I I I • : I 




The streia analyst should take care not to be limited by the Items listed and 
lo ulBlM good engine* (fig Judgment at ad times. 

..}.-, i -Make, joint critical in sheet bearing rather than shear of fastener. 

" • Specify torque value* on pre-loaded bolts and special applications. 

• Avoid using rivets (solid snd blind) in primary tension applications. 

• Hole tolerances and (lis to suit the Installation: 

• Corrosion and dissimilar metals protection (Contact M & P Group). 

• - Wear and friction qualities of moving parts. 

• Excessive bearing stresses in rotating parts. ,. . 

• Stress raisers In highly (tressed. ereas (threads, grooves, 
lubrication fittings). u ,. 

• Local discontinuities end eccentricities. ; 

• Possible strength reductions -due to sdverse tolerances. 

• Minimum Ihtcknets of sheet for countersunk holee. 

• Effects of deflections. . . ,,.„ 

- Compatibility of stnlns. - 

• Stiffness requirements. f .. „ 
Local deflections (Le„ thin Wrings) relative to aerodynamic 
tolerances. - -."■■ s •v- -'-'''-'-- ■ , 

• Panel flutter on large, thin gauge, flat external panels. 
■ • Fatigue requirements. 

:• Thermal stresses or strains. 4 - 

• Reduction in allowables lor temperature. ' •; " 

>' Proof load of parts per specification requirements •(arresting hooks, 
hydraulic actuators, etc.) 



FIG. A3 ALLOWABLE TENSION LOADS FOR CLIPS 
(EXTRUDED ANGLES ) , . 

(USE WASHERS UNOER BOLT HEAD) 



0.0 1.2 t» 

eccentricity, c(ins.) 
see pi5.a3 for back to back angles 

ULTIMATE ALLOW. LOAD FOR M24-T3 CLAO SHEET METAL ANGLEf 




0.S la 1.6 

. . ,. n ECCENTf.icrry.c(iHS. ( , . ^ , .,, 

(SEE FIC A3 FOR BACK TO BACK ANGLES OR TEE SECTIONS) 

ULTIMATE ALLOW. LOAD FOR 2024-T4 EXTHUDED ANGLE 
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..PIG. AJ .ALLOWABLE LOADS FOR TENSION CLIPS 

ALLOWABLE TENSION LOADS 

1. SINGLE ANGLES: 

ri*ur.. Al and A* QIVE THE ULTIMATE ALLOWABLES LOAOS FOR 
VARIOUS CAGES OF 2024-T3 ALCLAO FORMED SHEET AND 2024-T4 
EXTRUDED ANGLES. ULTIMATE LOAOS FOR ANGLES OF OTHER 
HEAT-TREATED ALUMINUM ALLOYS, TITANIUM, STEEL, OH ANY MATERIAL 
EXGEEI MAGNESIUM ALLOYS, MAY BE OBTAINED BY DIRECT RATIOING 
WITH THE MIL-HDBK-S TRANSVERSE Y IELD STRENGTH AS NOTED IN THE 
FIGURES. 

2. BACK TO BACK ANGLES: 

THE ALLOWABLES (AND CONDITIONS) USED FOR SINGLE ANGLES ARE 
ALSO U5ED TO DEHIV6 ALLOWABLES FOR DOUBLE ANGLES USING THE 
MULTIPLYING FACTORS SHOWN BELOW: 



1.25 P 



1.2SP' 




2.5 P' 
FORMED OR EXTRUDED 

3. TEE SECTIONS: 

WHEN EXTRUDED TEES ARE LOADED SYMMETRICALLY IN BOTH 
OUTSTANDING FLANGES. THE ALLOWABLES OBTAINED FROM FIG.A2 
ARE TO-BE MULTIPLIED BY THREE (3) AS SHOWN BELOW. 



1.5 P* 



1.5 P' 



tnrr 



TABLE Al TORQUE RATIO FACTORS FOR TENSION 
" PRELOAD ON BOLTS 





F u MIN 


DIAMETER 


DRY (AS 


LUBRICATED I 


SPECIFICATION 


mm Tjuirr iiatf rials 


(KSI) 


SIZES (IN) 


HECO)* 


(MIL.T.5S44) 


206*1 3-233 REF 






n FACTOHS 


STRESS (F„,:KSH 












SEE NOTE (2) 


1. STEEL/STEEL 


125 


3/16-5/16 


.165 


.090 


40 


(ALLOY OR CRES) 




l/a-i Mi 


.170 


J>731 


40 


2. STEEL/STEEL 


160 


1/4 -yu 


.165 


.090 


S0.67 


(ALLOY OR CRES) 




3/8-1 1» 


.170 


.0731 


S0.67 


3. STEEL/STEEL 


J80 


1/4-5/16 


.165 


MO 


57* 


(ALLOY OR CRES) 




3/8-1 1/B 


.170 


jm\ 


S7X 


4. TVSTEEL 


ICS • 


1/4-916 


.160 


.090 


50.67 






J/l-11/1 


.190 


.096 


50.67 



Tha -m raealvad" condition may vary from no lubricant rdry") to virtoui dagraas of 
unknown "light" lubrtcinl men •> machlna oil. Tooling li rtqulrad lor unknown 
eon«!IUona whan aitabHahlngpralnada lor « — 



NOTES? 

1. Tha rollo faslora and lorqua aquatlona art bosod on loloctlon ol a tonslon lypo nut 
having adaquata ttranglh 10 davolap tha liitonar with a prspar margin ol salary. 
Tanalia atrangth* lor common nut lypai tra praaantad on Ts, 4»a. Ultimata txtiHa 
atrangtha ol Ihraadad lailanara and tha Ihraad root araa* ara praaantad an TBL A12 

2. Tha ralaranea alraiiai ihown ara tha pralaad tanalia atraaaaa lor tha itandard" 
■ ol •paeUJcallo* 208-13-233. Thau »■/• uaad to davalep tha R lactam 



TaRldaomJfnifAmot): or T.RCa^nJFI 

whara: T a torqua (tn-lb».) 

In. a nominal ahank dla malar 
Itu ■ datlrad atraai laval at thraad rsal 
Am . ihraad root araa ol ball 
PI • a«al tanalia praioad on ball 

Thla mofhod la not •ppllcabl. to Hl-Lok collar* having eontraltad torqu»-off faaluraa 
' . Saa Hl-Lok tumdardi dala. 



3.0 P* 



FIG.A5 AREA OF 90° BENDS 



FIG, A 1 * ROCKWELL AND BRINELL HARDNESS DATA' 



APPROXIMATE HARDNESS - TENSILE STRENGTH 
RELATIONSHIP OF CARBON AND LOW ALLOY STEELS ' 




100 120 140 160 180 200 220 240 
TENSILE STRENGTH -KSI 



.. ,, j FOR CARBON AND ALLOY STEELS IN ANNEALED. NORMALIZED, 
AND OUENCEO-AND-TEMPERED CONDITIONS 




0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 
SHEET THICKNESS - IN. 




O.M 0.06 0. 

STRAIN - IN JIN. 



O.M 0.06 0.08 

STRAIN -IN JIN. 
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FIG.A10 CO HP BESS ION BUCKLING CONSTANT FIAT SHEET 



RinniHCf smJcnNui. mhon iiam/al ucmoM a.M.i 




FIG.A12 CO HP BESS ION BUCKLING CURVES FOB SHEET 
MATERIAL WITH NO EDGE FREE 




* WMH ■ F I024.T3ALC K0.2M 

B 7075 -T6 ALC 0.040-0.249 Q. 2024.T42ALC t«d.2Se 

C T07J-TtALCa.D12-0.03a H 6061-TS l<130 

O 11 ••TYPE 301 1/Z HARD I AZ319 ■ H24 0.016-ajM 

E 2024 - TBI ALC 1*0.063 



FIG. All SHEAR BUCKLING CUHVE3 FOE SHEET MATERIAL FIG.A13 BUCKLING CURVES FOE TITANIUM AND STEEL 



REFERENCE 
MELCON - COZZONE BUCKLING METHOD 




A AMS4901T1 

B 18-8 TYPE 301 1/2 HARD 

C 7075-T6ALC. 0.040 - 0.249 

D 707S-T6ALC. 6.012-0.039 

E 2024-T61 ALC. t i 0.063 

F 2024-T81 ALC. I < 0.063 

G 6061-T5 t< 0.250 

H 2024-TSALd' 0.063 - 0.249 

I 2024-T3ALC. 0.010-0.062 

J 2024-T42ALC. t« 0.063 

. K AZ31B-H24 0.01 M.2S0 

3SZ T1G.U3 FOR STEEL IT! 




20 30 40 50 60 
D/lfKI: s/t: LVe: brt/KT.-. 

, COHPHESSWH INTER.RIVET COLUMN SHEAR 
PK15-7MO RH950 SHEET A BCD 
Tf.»AI-4VH.T.SHEETl.0.18«-0.2$O E F OH 

Tl - • Al - 4V ANN. SHEET I J K L 
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PIC. Alt- COLUMN CUHVES FOB SHEET MATERIAL 
to 



FIG.A16 TITANIUM AND STEEL ALLOY COLUMN CUHVES 



o 
z 

I 

I 

o 




Cm UfT* EFFECTIVE COLUMN LENGTH 
p m VCi > LEAST RADIUS OF GYRATION- 
E, -t TANGENT MODULUS IN COMPRESSION J I i j 

THESE CURVES AREFOR STABLE CROSS SECTIONS ONL 
THE SECTION MUST BE CHECKED FOR CRIPPLING. IF THE 
CRIPPLING STRESS IS LESS THAN THE COLUMN CUTOFF 
STRESS. USE THE METHOD GIVEN ON PIO. A15TO MOOIFYTHE" 
! ! ALLOWABLE COLUMN CURVE' 



» • , . • 10 20 

? ■ - ■■• 

A AMS 4001 Tl 

B 707S-T6ALC 0.040 - 0.249 ; 

C 7075-T6 ALC 0.012 i0.03» 

D 2024-T61 ALCV< 0.063 

6 20J4-T3ALCU0J5O 



30. 



.40 50 00 

F 18-S TYPE 301 1/4 HARD 

G 2024-T42 ALC t« 0.250 

H SOSl-TSt* 1 0.250 

I' AZ31B-H24 0.016.0.250 



TABLE OF WELD CUTOFF FOR 
STEEL TUBING H. T. AFTER WELDIMO 



HEAT TREAT 



: i 260,000 
(if '200.000 
180,000 
150.000 
125.000 
NORMALIZED 
•5.000 1 ■ 



CUTOFF 
Fe 



206.000 
160.000 
144.000 
120.000 
S5.000 

67,500 



<L7pj- 

L' s UfTm EFFECTIVE COLUMN 

LENGTH 
p . itii. . LEAST RADIUS OF 
GYRATION 
E, » TANGENT MODULUS 
IN COMPRESSION 
1 1 I ■ 1 1 1 1 > 1 1 1 1 ■ • I f I ■ 1 1 
CURVES ARE MINIMUM 
GUARANTEED AND ARE 
FOR ROOM TEMPERA* 
TURE USE ONLY. 




FIG.A15 COLUMN CUHVES FOB EXTHUSIONS AND FOBGING M0.A1? 



INTEH-BITET BUCKLXNG CUHVES FOE SHEET- 
MATERIALS-* 



C-'p)' .' 

L'. U fT m 'EFFECTIVE COLUMN LENGTH 



f> • YVA • LEAST RADIUS OF GYRATION 
i TANGENT MODULUS IN COMPRESSION 

THESE CURVES ARE FOR STABLE CROSS 
SECTIONS ONLY. THE SECTION BUST BE 
CHECKED FOR CRIPPLING. IFTHE CRIPPLING 
STRESS IS LESS THAN THE COLUMN CUTOFF 
STRES5 THE COLUMN STRENGTH MAY BE 
APPROXIMATED BY USE OF A DESIGN CURVE 
WITH A NEW CUTOFF AT THE CRIPPLING STRESS 
EXTENDED TO LVp > 20 AND THEN A STRAIGHT 
LINE DRAWN TANGENT TO THE EL/LER CURVE. 
USE THE LOWER OF THE TWO CURVES FOR THE 




* OR USE A JOHHSOK- 
BULEB COXSTBUCTION 
(P.C7.22) 



A 70T6.T6511 EXTR U 0.250 F 

6 7G75-T6 DIE FORG t S 3,0 0 

C 7076-T6, -T6S2 HAND FORG l«6.0 H 

,D 7079-T6 DIE FORG I S 6.0 ' I 

E , 7075-173 WE FORG I.U J 



2014-T6 DIE FORG IS 4.0 
2014-T6.-T6S2 HAND FORG IS6.0.AS36 
2024-T4EXTR I - 0.25O 
2024-T3511 EXTR 1.0.250 
ZK6GA-T5 EXTR A < 2.00 ' 



t 

I 30 




1 CURVES >Rg MINIMUM 
i GUARANTEED AND ARE 
, FOR ROOM TEMPERATURE 
i USE ONLY. 

il|!|iilHii^s|:ni|H!! 
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TABLE A2 MATERIAL PROPERTIES 

GENERAL NOTE : Data shown ars the most commonly used Other materials, tempera- 

and thickness ranges are shown in MIL-HDBK-5. Unless specified otherwise, the sizes shown are 
thickness dimensions. 



(i) L-Longltudlnat, T-Transverse, LT-Long Transverse, 
ST- Short Transverse grain direction. 

(b) Values In the "A" column are minimum guaranteed 
properties (either, "A" or "S" values). 

Values In the "B" column are based on probability 
data (lowest expected In 9014 of the material). 

(c) Average modulus ol elasticity In tension (Et) end 
compression (Ee). 

(d) , See SDM Manual (or MIL-HDBK-5) for secondary 

modulus In compression (Ec-secondary) lor clad 
materials, r./, 
(•) Percent elongation Is expressed In terms ol the 
specification "S" values usually lor 2.0 Inch gage 
length on Hat specimens and 4D lor round 
specimens. ' See note (h) or (k) when noted. 

(f) Coefficient ol thermal expansion a. In terms of ln/ln/°F 
(10 -6 ) and assumed linear for range ol 70" to 212'F. 
For other temperature data see MIL-HDBK-5. 

(g) Consult Materials and Processes linn In regard lo 
reduced transverse properties lor sections or 

. thickness over E Inches or areas . greater than 40 
square Inches. 

(h) These elongation vaiiias are for gage length ol 4 
limes the diameter. 

(I) Hand lorglrrgs shall; not be used without the specific 
' approval of the Engineering Materials and Process 
■ Unit. .- V,":> <): ' '» 

(I) For aluminum castings the data are applicable to 
special mold, permanent mold or Investment mold 
processes. This data It applicable to strength class 
number 1 which must be negotiated with the vendor. 
All of the casting strength data are representative ol 
specimens taken from the castings. 

(k) Elongation value Is a minimum lor this thickness 
range. For a specific thickness see MIL-HOBK-S. 



(I) Mecnanicai properties at tne 200 ktl ana 260 ksl 
strength level apply io 4340 material only. 

(m) ' Reference MIL-HOB K-5 tor correlation ol 

thicknesses, diameters, and., shapes relative lo the 
materials and heat treat levels shown. 



TEMPER DESIGNATIONS 
F-"" As-iabrtested wrought material. 
0 Annealed, recryslalllzed wrought material. 
N Normalized. -■ . 

T3 ' Solution heat treated and cold worked by 
flattening. 

T4 Solution heat treated and naturally aged. 
T42 Solution heat treated by user. 
T6 Solution heat treated and artificially aged. 
TG2 Applicable to sheet and plate heat treated and 

aged by the user.. ..... , ...„,... 

T7 solution heat treated and stabilized.- 

T73 Solution Heat treated, Speciai aging'. 

T74V Solution heat treated; special aging and meeh. 

T76 J property dltlerences. 

T8 1 Solution heat treated, cold worked and 

artificially aged. 

STRESS RELIEF VARIATIONS 

T-S1 Stress relieved by stretching (plate, rolled or 

cold-finished rod and bar). 
T510 Stress relieved by stretching (extruded rod, 

bar, shapes and tubing). 
T511 Same as T-510 except minor straightening 

after stretching. 
T-52 Stress relieved by compression. 
T-54 Stress relieved by combined stretching and 

compression. 
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TABLE A2 MATERIAL PBOPEHTIHS (Con'd) 
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TABLE A2 MATERIAL PROPERTIES (Con'd) 
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IK 



1^5 



3 2 3 3 « 



feSSSS 



1* 

2! _ 



ass; 



S l5 



3 fl S| 



SSB 

ass 



?5 



si x 



2> 

I 3 1 

3< 



» r o 



A9 



APPENDIX A ADDITIONAL DESIGN AND ANALYSIS DATA 



TABLE A2 MATERIAL PROPERTIES (Concluded) 





TABLE. A3 ' PASTEHER COUNTERSUNK HEAD DEPTH (IN. ) 



SOLID & BLIND RIVETS "' ~ 


SHEAR HEAD <SH) • 


FLUSH HEAD (FH) ,, 


CALLOUT 1 TABLE • TYPE 


„ CALLOUT TABLE TYPE: 


masio4?(stb) a' soLib ftiver- 

MS14218 A - " 
NASI 200 ..A* , - ." "1 , 
NASI 739 B BUND RIVET 

i ■ ff / ; . . •. 


MS4o424(STu| cj t , S6LIB riveT 
MSI 4 21 B ; c ':-■■-,.:>.•■>• 
CSRS02B : .i c* 
MS20427 D - 
CR3242 B i - BLIND RIVET 
MS20601 c* ■ " 
CR3212 ! : C* - - 
NAS1399 - c* - - 
CR4622 c* " " 
NAS1921 .0' - - 



. PasTEMEH-:- 

DIAM6TER (In.) 




B 


C 


D 


... '1/8 ■■ 


.■02B'/.057- 


.635 




.048 


5/3i ■ 


.o3?'/.03T" 


.04? 


.bSi'l.GFT 


" .061" 




~:wi.6vr 


.063 


.0/0'/.O68 


~xir 


.. 1/4 


.6SU.060' 




.6'9SV.6Su~ 


.103 


"5/16 


.067 




.10S'/.104" 


.i"15 


3/8 


.677- 




.134' 


.144 


1/iS' ' 










1/2 











Applicable head slzaa par specification. 
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FASTENER/JOINT DESIGN PBOCEDUHES AND DATA 



FASTENER/ JO INT DESIGN NOTES 
GENERAL NOTES 

The labia* In In* lastener Mellon present dele necessary Is obtain the strengths ol 
tha mora eommnn laaunin and tastener.aheet combination!. Additional dau an 
presented In MIL-HOBK-3, or Itia particular 

"customer" design manual whan appllcabla. 

Basic xitl dJUliniiu fl«l«Hmi 

Tha banlo yield-ultimate reletlon lor lasteners Is ultimata * 14 I ylald. Tha yield 
loading la critical If ti x ylald strength la < ultimata strength. Whan this occurs an 
ad|uaiad ultimata valua must ba calculated by taking 1.9 « ylald load. Tha |olnt 
•trangih tables have already been adjusted and are Identified by an asterisk. 
Mote that whan calculating tha sheet bearing strength lor protruding head 
fasteners (I.e., those listed on page 26) the yield-ulllmeta relation must be 
considered. An asterisk O P'«ced on the bearing ratio lectors of Table A9 
or 'Alo to Indicate ylald critical cases. 

Static Joint Annlyau Data 

Fastener Sheer strength: Obtain from lolnt strength tables when applicable or 
from sheer strength I able s A6 end A7 (for solid rivet*), and page 32 fsr 

LK-Bolts and threeded testeners. 

Sheet Bearing Strength: Obtain from joint strength tables whan applicable or 
from calculations whan using protruding head laalaners 



TABLE Ab FASTENER COUNTERSUNK HEAD DEPTH (IN. ) 



Sheet Strength: Check sheet lar net area 
adequate edge margins, no knife edge 
diameters tor countersunk sheets. 
Sheet Interrlvet buckling or wrinkling and 
strength 

Margins of Safety are shown an page Al 



and sheer 
and use Of 



effects of temperature on joint 



HH.0KS/LOCHBOt-TS/SCBEW&-BLINDB6LtS "' - 


SHEAR HEAD (SH) 


FLUSH HEAD (FH| OR TENSION |TH| 


CAlLOUi TABLf- TYpd 


CALL6UT" 1 abl£ -TypT 


HLil(STb) H HVLGK 

GPL3SC P LOCKBOLT 

LGPL2SC F* 

NASI 436-42 P 

LGPL9SC C 

CSR924 F SWAGED PIN 

HSR10I E " " ' 

HSR20I E " 

NAS15B1 F" SCREW 

NASI 620 H' 

NAS1670L H- (DBLINOBOLT 


HL13(STD| H HI-L6K ' 

LGPLBSC 1 LOCKBOLT 

HAS 1456-62 1 

NAS1516-1B | 

NAS7024-32 J' - (2) 

LGPL4SC J " (2| 

MS90353 K (1)BLtNDBOLT 

MS21140 P 

AN505(STD) H' SCREW 

NAS517 H' 

NASI 580 K' 



EdoaPlalanca VaHatlom 

Atl of tha Joint strangth tabtas art appUeabta to |olnts having an adga dlstanca {*) of 
two dlamotars (2D). Whan othar adga rfistancaa aro balng ana ly cad, tha labia' 
valutas ara to ba radticad llnaerly t/i.ng tha baarfng allowablas \f* TV and Fbry) 
prtaanlad In MIL-HDBK-5 or Mine- fasten In Tabla A9 and for */H 
of 1.50 and 2.0 



FASTENER 
DIAMETER (In.) 


£ 


F 


a 


H 


1 


J(2) 


K 


1/8 












.041 • 




5/32 


.041/.039 


.D43V.034 


.040 


.070/.068" 


.074V.D73 


.051 '/.049 


.0/2 


3/16 


.047/.04S 


.0487.046 


.045 


.OB1/.079' 


.084/.0B2 


.06O'/.O56 


.0837.080 


1/4 


.OSV.0S9 


.0637.060 


.059 


.108/.106* 


.1107.108* 


.0787.074 


.1117.105 


5/1* 


.06B/.0G6 


.070'/J)67 


.066 


.I3S/.133' 


,140'/,137 


.095'/.092 


,140*/.137 


3/8 


.078/.076 


.081 l i.arf 


.076 . 


.162/.1E0' 


.16B'J.165 


.11rj.no 


.1677.165 


7/16 


.097/.094 


.100- 




-190/.187* 






.19S7.193 


1/2 


.107MO* 


" AW 




.216/.213 






.2227.220 



Solid or blind rivets and blind bolts ate not allowed In primary tension applications. 
They are allowed In secondary tension eases such as, shins with aerodynamic lift 
forces or Internal pressure, attachment of shear or compression weba, and stringers 
10 Iramaa. 

For secondary tension an effective tensile "pull-thru" allowable of 20% or the 
ultimate |oint strength allowable (at the specific sheet thickness) ie considered 
to be conservative. This approach Is recommended for any listener type eicopl 
those having shear heeds and reduced heed lectures or II specific data has 
been developed. For HAS 1097 reduced shear need rivets use 10% 01 the 
particular ultimate join! strength allowable. 

FLUSH HEAD FASTENERS 

TIM joint strength allowables for all Hush head fasteners ara bas*d on tail 

data. Calculated joint strengths ara not permitted. 

Whan selecting Hush head fasteners and sheet thickness, "knife-edge" 
conditions ara not allowed. Tha recommended daslgn ratio 
(countersink depth/sheet thickness) Is Q.8 lor secondary structure and 
0.7 lor primary structure with reversed loading. 

See Tablea A3 and Al lor tha countersink depths o( common fastenera. 
ris.Aie and Al* provide equivalent hole diameters (0* In 
countersunk Sheet) for several fasteners and head styles. These 
diameters ara used when determining net "hole-out" In sheet material. 

PROTRUDING HEAD FASTENERS 

Tha joint strengths for the following fastener types and conditions 
baaed on test data: 

Any fastener Installed in sheet material where VD Is < 0.18. 

Any Joint with protruding shear head or reduced head fastenera. 

Any joint with protruding head blind rivets or blind bolts (with ' 

shear or tension type heads). 

The Joint strength allowables for protruding "tension" head fastenera 
may ba calculated as described below: 
The loed per fastener at which fastener shear or sheet bearing type of 
failure occurs Is determined separately and the lower of the two 

?overns the design. 
Shear strengths for prot. hd. solid rivets of any malarial, fJLSlfil 
aluminum , are determined directly fro*. Table A< 
For nrolrudlno solid aluminum rivets (tension tyoes) an effective 
rivet strength is obtained by multiplying IhaTabio Ac shear values 
by the reduction factors of Table a? 

2. Shear strengths lor protruding head Hl-Loks, Ik-Bolts, and 
threaded fasteners sre obtained Hated In Table aj 

3. Calculate the effective sheet bearing strengths tor all protrudin g 
head solid rivets by multiplying the Table as v«iu oa by 
the ratio ot allowable bearing stress/IOO.OOD (K vatuea) 

or Table A9 or »k f 0r the applicable sheet material. 

4. Calculate the affective sheet bearing strengths lor Hl-Loks, Uu 
Balls and solid Ihwaagg types by multiplying the Table 
values by the ratio lectors (K values) m Tables as or aio 
for tha appllcabla sheet material. 
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Blind bolts (H\ r and K) are Intended lor sheer application and secondary 

tension. 



AppHcobte Med sizes per specification. 



Table A3 is loca-cea on p,A9 
PIG.A18 EQUIVALENT HOLE DIAMETERS (C5K HOLES) 




All 
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FIG.A19 EQUIVALENT HOLE DIAMETERS (CSK HOLES) 



EOUrVALtHT HOte 




TABLE A5 PROTRUDING HEAD PAS TEHEES FOR 
CALCULATED JOINT STRENGTH 



Joint strengths for the following fastener types are to be calculated as 
described BEFORE AND ON THE TABLES LISTED 



PROTRUDING "TENSION" OR UNIVERSAL HEAD STYLES 



■■3flUP.JiyET? 
: ' SEE TABLES A6 
THBU AiO . 



HI-lPKqK-BOLTS 

3EE TABLES .A9 
■ THBU A1J , 



BOLTS 

SEE TABLES A9 
THB.0 A13 



MS20470 AO & B 
MS20615M 
NAS1198 
CSR903B 



UNIV. HD. 
UNIV. KD. 
UNIV. HD. 
UNIV. HD. 



ALUM. 
MONEL , 
A286 
Ti/Cb 



TABLE A6 SOLID HIVET SHEAH STRENGTH 
SHEAR STRENGTH OF SOLID RIVETS 



RIVET SIZE. IN. 


1/16 


W2 


1/8 


5132 


3/16 


1/4 


5/16 


3/9 


DRILL NO.. . ... , „ 




51 




30 


21 


, ' ill '! 




■:p : 


W 


NOMINAL HOLE DIAMETER, IN. 


6.087 


0.096 


0.1295 


0.159 


0.1 91 ! 


0.257 


0.323 


0.316 


DESIGNATION 




SINGLE SHEAR STRENGTH; tbl 


44 




RIVET MATERIAL: 




















50S8-H321 Fju.2Bk«I» 


- B : 


99 


203 


363 


S5i 


902 


1450 


2295 


3273 


«iT.T3>»u« JO"f> 


AD 


106 ' 


217 


."as*: 


5*6 


" ■«? 


1535 


2460 


3510 


2017-731 FjniSAkir* 


D 


120 


247 


* 442 


'57S" 


1 m 


1755 


2795 


3SS0 


2017-T3/ r ji/«MlM|l> 


D 


134 


275 


4S4 


755 


1090 


1970 


3115 


4445 


2024VT31 Fsu- 41 ktl" 


DO 


14S 


296 


, 531 


814 


1175 


.2125 


3360 


4600 


70S0-T73 Fau»41 


EJtE 


145 


296 


531 


:i 814 


1175 


2123 


3390 


4S00 


7C&0-T731 f, u .*i k»l» E.KE 


152 


311 


559 


954 


1230 


2230 . 


3525 


5030 


Mor* F JU « 49 kll 




173 


355 


635 


973 


1405 


2540' 


4015 


5735 


TJ-Ct) Fju« S3 ksl 




H7 


t 384 


687 


1050 


■ 1520 i 


2750 


4340' 


6200 


A-286 Fjyi 90 kel 




317 


651 


1170 


1790 


2590 ' 


4670' 


7370 


10500 



Based on nominal hole diameter specMed above. 

Values are (M the « drlvan nndlion, on a probability basis (B 

valued). 

Undriven S value: driven B value has. net been demonstrated. 
Apply anew rlrengti reduction lectors TBI A? ■ when using 
pratrudMig head akimlnum alloy sotkt rivsts. .; 



TABLE A?. PROTRUDING HEAD RIVET REDUCTION FACTORS 

PROTRUDING HEAD' ALUM. SOLiO RIVET SHEAR STnENGTM REDUCTION FACTORS (3|, (4) 
(FOR ALUM. RIVETS ONLY) MS2O470 HEAD STYLES 1 



HL-12 HEAD STYLES 
HLT452 HEAD STYLES 

LGPL4SP(PULL)/LGPS4SP(STUMP) TYPES 
GPLBTP(PULL)/GPS8TP<STUMP) TYPES 
NAS14Z5-32 LOCK-BOLT 
NAS146S-72 LOCK-BOLT 



MS212S0 
MS141B1 
NAS1003 

NAS1303 (SERIES) 

NAS6203, 6303, 6403, 6703 & 6803 (SERIES 
NAS464 



OIA OF RIVET 


1/6 


3/32 


l/B 


5/32 ;" 


3/16 


1/4: 


5/16; 


3/8 . 




0.016, 


SS 
DS 


0.46* 
0.6S7 


















0.018 


ss - 

DS 


0.981 
0.744 


0.912 ; 
0.518 
















0.020 


SS 
DS 


0.955 
0.789 


3.933 
0.585 
















0.025 


SS 
OS 


1.000. 
0.370 


0.970 
0.708 


0.923 
0.S4S 














0.032 


55.: 
DS 


0.941 


1.000 
0.814 


0.964 
0.687 


0.92S 
0.560 












0.036 


5s , 

DS 


0.959 


O.BST 


0.981 
0.744 


0.946 
0.630 


0.912 | 
0.518 ! 








0.040 


Ss " 
DS 


0.992 


0.891 


0.995 
0-789 


o.sw 

0.687 


0.933 . 
0.585 








Z 


0.045 


SS 

DS - v 


1.000 


0.924 


1.000 
0.834 


0.981 
0.744 


0.953 
0.653 ' 








HICK 


0.OSO 


i5 
OS 




0.951 


0.070 


0.995 
0.7B9 


0.970 
0.70B" 


0.32O 
0.545 "I 






i 


0.063 


ss 

DS' ' 




1.000 


0.937 


1.000 
0.872 


1.000 
0.606 


0.961 
0.679 


0.922 
6.550 




z 


0.071 


SS 
DS 






0.966 


6.909 


0.852 


6.979 
0.737 


0.944 
0.622 


0.909 
0.508 




o.oao 


SS : , 
US ■ 






0.992 


0.941 


0.891 


0.995 
0.789 


0.964 
0.687 


0.933 
0.585 




0.090 


SS • 
OS 






1.000 


0.969 


0.924 


1.000 
0.834 


0,981 
0.744 


0.953 
0.653 




0.100 


SS 
DS 








0.992 


0.951 


0.870 


0.995 
0.789 . 


0.972 
0.708 




0.125 


DS 








1.000 


1.000 


6.935 


1.000 

0.870 


1.000 
0.605 




0.160 


SS 
DS 












0.992 


0.941 


0.991 




0.190 


SS 
DS 












'1.OO6 ' 


0^981 


0.939 




0.250 


SS 
OS 














1.000 


1.000 



NOTES: 7. 

1 . Sheet thickness is that of the thinnest sheet in single shear and of the 
oouole shear'. 

2. Vahjes listed are for room temperature use only. ' 

3. Values based on teats ol aluminum rivets. 

4. OorKrtuBeLNslaWerornionrt.UorsteeJrryets. 
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TABLE Ad SHEET UNIT BEARING STRENGTH - LBS BASED 
ON Pbr * 100,000 PSI FOR PROTRUDING 
TENSION HEAD SOLID RIVETS 

(MS 20470 AND HEAD STYLES OF TAfltif AS) 





Unit Besrln 


3 Strength for Rivet Diameter Indicated, lbs 


RIVET SIZE 


1/16 


3/32 


1/8 


5/32 


3/16 


1/4 


5/16 


3/8 


HOLE DIAMETER 


0.067 


0.096 


0.1285 


0.159 


0.191 


0.257 


0.323 


0.386 


SHEET THCKHESS, IN. 


0.012 


eo 


• 


• 


« 


• 




• 


■ 


0.016 


107 


• 


• 


■ 


■ 


• 


• 


• 


0.018 


121 


173 














0.020 


134 


192 














D.0Z5 


168 


240 


321 












0.032 


214 


307 


411 


509 










0.036 


241 


346 


462 


572 


688 








O.040 


26S 


334 


514 


636 


764 








0.045 


302 


432 


578 


716 


860 








0.050 


335 


4B0 


642 


795 


955 


1Z85 






0.063 


422 


605 


810 


1002 


1203 


1619 


2035 




0.071 


476 


682 


912 


1129 


1356 


1825 


2293 


2741 


0.080 


536 


768 


1028 


1272 


1528 


2056 


2584 


3088 


0.080 


603 


864 


1156 


1431 


1719 


2313 


2907 


3474 


0.100 


670 


960 


1285 


1590 


1910 


.2570 


3230 


3860 


0.125 


638 


1200 


1606 


1988 


2388 


3212 


4038 


4825 


0.160 


1072 


1536 


2056 


2544 


3056 


4112 


5168 


6176 


0.190 


1273 


1824 


. 2442 


3021 


3623 


4883 


6137 


7334 


0.250 


1670 


2400 


3210. 


3975 


4775 


6425 


B075 


9650 



Where D/t is greater than 5.5, tests are required to substantiate 
yield and ultimate bearing strengths. 



NOTES: 
1. 



Design values of sheet bearing strength are obtained by 
multiplying the bearing strength (lbs) given above by the ratio ol 
design sheet bearing stress * 100,000. Determine values lor 
bothyield and ultimate. If 1.5 < Pbry Is less than Pbm the Joint is 
yield critical and Pbni = 1-5 x Pbry- Beating ratios are presented 

On TABLW Ay AND A10. 

Values for rivets are based on hole diameters shown. See tbl A13 
. far solid shank threaded fasteners/lockbolts. 



TABLE A10 BEARING STRENGTH FACTORS 
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TABLE A9 BEARING STHENGTH RATIO FACTORS TO BE 
USED WITH TABLE A8 AND TABLE A13 DATA 



| 

U. < 

I 



So 



2 3 

II 



an n n 



S3 

O O 



MM 



MM 



till 



MM 



S I I 



S522 

5SS3 



sec 



Ol N * 
mod 



I I 



188 



IAOQ 



53 M I 



=.= 111 
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I 1 I 
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TABLE All SHEAR STRENGTH OF THREADED/SOLID 
SHANK FASTENERS 

SHEAR STRENGTH OF THREAD ED/SOUO SHANK FASTENERS 







Flu(MIN) 


125 (KSI) 


160 


180 


210 


220 






F,u (MIN) 


75 {KSI) 


95 


108 


125 


132 


FAST. DIAM.IN. 


AREA IN* 


ULTIMATE SINGLE SHEAR STRENGTH, LBS 


3/16 


0.188 


0.02761 


2071 


2823 


2982 


3452 


3645 


#10 


0.190 


0.02835 


2126 


2694 


3062 


3544 


3743 


1/4 


0.250 


0.04909 


3682 


4660 


5300 


6140 


6480 


5/16 


0.312 


0.0767 


5750 


7290 


8280 


9590 


10120 


3/8 


0.375 


0.11045 


8280 


10490 


11930 


13810 


14580 


7/16 


0.438 


0.15033 


11270 


14280 


16240 


1B7B0 


19640 


1/2 


0.500 


0.19635 


14730 


18650 


21210 


24540 


25920 


8/16 


0.562 


0.24850 


18640 


23610 


26840 


31060 


32800 


5/8 


0.625 


0.30680 


23010 


29150 


33130 


38356 


40500 


3/4 


0.750 


0.44179 


33130 


42000 


47700 


55200 


58300 


7/B 


0.875 


0.60132 


45100 


57100 


64900 


75200 


79400 


1 


1.000 


0.78540 


58900 


74600 


84600 


98200 


103700 



NOTES: 
1 



Shear values above are based on the basic shank diameters 
shown and are also applicable to solid shank pins, I.e., 
lockbolta. Tha values may vary for soma fastener types when 
the procurement speclllcatlon lists different diameters and 
material shear strengths (F tu ). 
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TABLE A12 ULTIMATE TENSILE STRENGTH OF THREADED 
STEEL FASTENERS (MIL-S-8879 HOLLED 
THREADS) ' " " 



TABLE Al> SOLID RIVETS C3K IN 202'+-T'*2 CLAD 



FASTENER 
DIAMETER 




.............. 


FASTENER TENSILE STHENGTH-KSI 


160 


1B0 


220 




{INCH) 


MAXIMUM MINOR 
- AREA f!N*l 


ULTIMATE TENSILE STRENGTH-lbs 


10-32 


0.1S0 


0.018602 


2 978 


" 3 348 


4090 


1/4-28 


0.2M 


0.034241 


, 5 480 


'6180. 


. , 7530 


Si 1B-2* 


0/312 


0.0S4M5 I 


8 780 


-9 880 


' 12 080 


! 3/8-24 


0.375 


0.083678 


13 420 


15100 ' 


? 18 450 


7/16.20 


0.438 


0.11323 


16120 


,20 380 


* 24 910 


' 1/2-20 


0.500 


0.15358 


24 570 


27 640 


' 33 780 


9/16-18 


OJSBZ 


0.18502 


31 200 


35100 


42980 

" ( ! 


5/8-18 


0.825 


0.24700 


39 520 


44 500 


$4300 


3/4-18 ... 


f 0.750 


0.38QB2 


57700 


64 900 


79 400 


7/8-14 


0.875 


. 0.49327 


79 900 


88 800 


109 500 


:- i-i2 


1.000 


0.64158 


102 600 


115 500 


141 100 


1-1/8-12 


1.125 : 


0.83128 


,133 000 


146 600 


182 900 


i-i/tii 


1JS0 


1.0456 


187 300 


188 200 


230000 


1-3/6-12 


1.375 


1.2844 


208 SOO 


231 200 


282 600 


1-1/2-12 ,_ 


- 1.500 ,. 


1J1477 


247 BOO 


278 600 


340. SOO 



NOTES: 

■ 

2. Tha foot arse Is computsd using nominal maximum duunatar as publl'snad 
In Tablas II and III ol MIL-S-8879. Rat. MIL-HDBK-5. 

3. Saa tbi. xk6 lor sirsnglh ratings ol common nut typas 



Vtluat shown ara ths lastanar capability at ths Ituaad root arai using nuts 
daslgnatf to davatop tha laatanar. 



TABLE A13 SHEET/PLATE UNIT BEARING STRENGTH 

LBS BASED ON F Dr - 100.000FSI (PROT. 
HEAD SOLID SHANK FASTENERS/PINS ) 



CO s 
II 

le 



U 

EE 

If 

sf 
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I: 

s 



n 
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« . .. 
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o 
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to 
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S 8 


•3 O 


1 




1 

o 


s 




of tN 

gs 


8 8 

or- 


60 
4» 






m 






| 




S 55 

r- «d 


a 


T :■ " 


Ot- 
tO 

<d 


S 




§1 

a" 










to 
at 


•5 




II 


K- 

n 








1 


1 




IS 










N 




II 


81 


5-8 


II. 


as 


| 


a 






o o 


0,0 


O o 


d d 


o 


X 



3 

« 

a 

til 
If 




THBEA060 TYPES: HAS 1301, 6203; 5303, MM, 6703, 6403. ATS21250 
HI LOK3: TENSIOM HEAD STYLES SUCH AS ML «. MLT a« 
LOCKBOLTS: TENSION HEAO STYLES HAS 1*55.74 AND HAS 1S25-3! 



una BaArtna stnwiaib of Shan lorfatnriar Plai— itr Inqlcatad. to 1 



fasifnar,; 
Dumttar 


nn. 


SJ3I 
0.15« 


9.188' 


1/4 ' 
0J30 


5/16 
0.31 2 


3/a 

0J75 


7/16 
0.431 


1U 
DiOO 


9/16 

0.562 


si 

0.62S 


31* 
0.750 


7/8 
0.675 


1 

1JD00 


5r»« 
Tn.lel.nat> 


; i 0^133. 


SOO 
























0.0*. 


■':S53 


675 






















OJMt . 


625 


. 750 






















0.045.. . 


704 


945 






















0.050 


TBI 


340 


1,250 




















- 0.OU • 


965 


1.1 BO 


1^75 


1J69 


















0.G7I 


1.110 


1J30 


1,775 


2,219 


2.662 
















' 0.OB0 


1.250 


1JO0 


2,000 


2,500 


3,000 


.3300 














' 0.090 • 


1,407 


1.690 


2.250 


'2.612 


3J7S 


3J3S 


4.500 












0.100 


1562 


1375 


2.500 


3,125 


3.750 


4.375 


5.000 












0.125 


1^53 


2,340 


3.125 


3,905 


4.664 


5,469 


6.250 


7.030 


7.812 








0.160 


250Q 


3.000 


4 .000 


5,000 


tjm 


7.000 


6.000 


9.000 


10.000 


12,000 






-■ (L2Q0 


3,125 


3.750 


S,000 


6,250 


7J0O 


1,750 


15,000 


11J50 


1 2.500 


15.000 


17400 


20.000 


0.250 


3,516 


4.606 


4.250 


7,512 


9J75 


10,940 


12400 


14,M> 


15,525 


1B.750 


51475 


23.000 


can 


4.J67 


5.56S 


7.600 


9.734 


11,700 


13.670 


15.600 


17,530 


15400 


23,400 


27 


31.200 




WW 


7.050 


9,375 


11,700 


14,063 


16.425 


16,750 


21.075 


23,440 


26.125 


32410 


17.500 


0.500 


7,600 


9,400 


12400 


15.600 


18.750 


21.900 


25,000 


28.100 


31.250 


37400 


43.750 


50,000 


0.S2S 


9,750 


11.750 


15,625 


19,500 


23,440 


27,375 


31,250 


35,125 


39.052 


46,575 fc4,690 


62.500 


. 0.T50. 


11,700 


14,100 ha,7so 


23,400 


26,125 


32,550 


37,500 


42.150 


45.875 


55.250 |65,625 


75,000 


0,575 


13.650 


16.450 21,675 


27,300 


32.610 


31J25 


43,750 


49.175 


55.690 


55,625 


754» 


57400 


1,000 


15.600 


H.H00 125.000 


31,200 


37,300 


43.000 


50,000 


56.200 


62.500 


7SM0 


17400 


00.000 



* Whan Drt H grtMtf than 55 IntI Ara raqiArad to AutlitAffllala ytoid and urllmtlabaiflno S1lt^gl^ 

1. Srwat baartng slranglhl An obtAlnad by rmiAlptylofl lha Abovv vahits [LB| by irw ralko ol daslgn Ahaal 
Madng nrtii- 100400. CnttrmM valual lor Mill yhU annmimala. H 15 ■ Pbry rA laaa IhAfi Pftru. Iba 
)olm HylaBcrmcA/aMPftoj,,,/ 5 if^j,. gwrq nlkji .ni>t»»»r««J on TAJUJ A9 ASO A16 

2. vtkm wraottd irianA irwr^Wd l*n»r»r» *nd ptra «• e»«»tl on inr rnn^l dl*f7>«l»n ihowrv. 



TABLE A15 SOLID, SHEAR HEAD RIVETS CSK IN CLAD 

ULTIMATE STRENGTH OF NAS1097-E RIVETS COUNTERSUNK 
IN CLAD ALUMINUM ALLOY (100* SHEAR HEAD) 



RIVET 


NASI 097-E (Fsu = 4 1 ksl) (7050-T73) 


SHEET 
MATL 


Clad 2024-T3 


Clad 71J75-T6 


DIAM. 
(NOM) 


: 1/8 
(0.1285) 


; 5/32 ' 

(0,159) 


: 3/16 
(0.191) 


1/4| 
(0^57) 


1-8 
(0.1285) 


5/32 
(0.159) 


•3/16 
(0.191) 


1/4 

(6 .257) 


SHEET 
(1) 


ULTIMATE STRENGTH, LBS P) 


0.025 
0.032 


326 


i3£Q 






I27BI 
354 


mil 






0.040 
O.OSO 


437 ■ 
466 


505 
679 


15611: 
: 773 


.627 . 

fsoan 


439 
456 


547 

674 n 


I65JJ 
823 


(1.1201 


0.063 
0.071 


485 

497 ' 


717 
731 


; 1005: 

1025;, 


•1275 
.1500 


477 

,- 490 


700 
716 „ 


980 

999 


1330 
1570 


0.080 
0.090 


507 

521 . 


747 
765 


; 1045 
1065: 


1750 
,1840. 


505 

.520 


734',-, 
754 


1020 
1045 


1760 
1790 


0.100 
0^25 : 


531 


781 
814 


10B5 
1135 


1870 
1935 


531, 


774, 
814 


1070 
1130 


1825 
1905 


0.160 
0.190 






117S 


2030 
2110 






1175 


2020 
2115 


0^50 








2125 . 








2125 


SHEAR 


531 


B14 


1175. 


2125 


531 


814 


1175 


2125 



NOTES;-. ■ •• ill-: ■-..*»-. 

1 . Values am lor room temparalure use only*. 

2i . Values that are 'underlined) are knlta edga condlllon. See page 

-Tii '21 tor recominended sheet thlfiknesses. 



APPENDIX A ADDITIONAL DESIGN AND ANALYSIS DATA 



TABLE AJ.6 SOLID SHEAS HEAD HIVETS C5K IK CLAD 



ULTIMATE STRENGTH OF MS14218A0 HIVETS 
COUNTERSUNK IN ALUMINUM (120- SHEAR HEAD) 



RIVET 




MS14218AD (F», 


= 30kJI)(2117-T3| 






CLA0 2024-T3 




ULTIMATE STRENGTH, LBS ™ 




3/3Z 


1/B . 


5/32 


3716 


7/32 


1/4 


— o 6to""~ 


11251 












0.025 


(1531 


[2121 










0.032 


188 


263 


13341 








0.0*0 


216 


322 


408 


14981 






0.050 


217 


380 


498 


609 


(740) 


-m 


0.063 




388 


588 


751 


910 




0.071 






596 


817 


1015 


1155 


O.OBO 








862 


1125 


1290 


0.090 










1205 


1425 


0.166 










1225 


1620 


0.125 












1555 


SHEAR 


217 




596 


B62 


1225 


1555 




ULTIMATE STRENGTH OF M514219E RIVETS 






COUNTERSUNK IN ALUMINUM (120- SHEAR HEAD) 




RIVET 




MS14218E(F,;> 


43 Ml) (705O-T73) 




"SHEEr^ 


CLAD 2024-T3 




ULTIMATE STRENGTH, LBS 




SO! 


3/16 


7/32 • 


1/4 


9/32 


5/18 


6.6i5 














0.032 


asa 












0.040 


47a 


U221 










0.050 


573 


732 


1M6) 








0.063 


7B1 


1045 


1135 


U20JU 


maa 




0.071 


803 


1110 


1365 


1445 


1530 


05291. 


0.680 


. B27 


1140 


156S 


1735 


1S35 


1930 


0.0 90 


854 


, 1175 


1605 


1990 


2200 


2320 


0.1 00 




1205 


1645 


2030 


2525 


2725 


0.125 




1230 


1740 


2140 


2650 


3205 


0.1M 






1/55 


2230 


2820 


— W 


0.1 SO 










2840 


3525 


SHEAR 


854 . 


1230 


1755 


2230 


2840 


3525 



1. 

2. 



Values ar* lor R.T. in* only. 

Value* ttial ara {Un4.ul\B1$i ara knife-edge e 

r*comm*nd«4 »h**l Ihickrwiiti. 



TABLE A18 SOLID Tl-45Cb RIVETS CSK IN ALUMINUM 
AND IN Tl-oAL-lfV 

ULTIMATE STRENGTH OF COUNTERSUNK BRFS»T 



RIVET 


BRFS-T (F, u i 53 HI) (TW5Cb| 


SHEET 


CLAO 7075-T6 I T)-8Al-*V. ANNEALED 




ULTIMATE STRENGTH, LBS 


11 






1/8 


5/32 


3/16 


1/8 


5/32 


3/18 


0.025 
0.032 
0.040 


- 12S91 

369 
461 


1456) 
572 




am 

513 
564 


(5351 
796 


1952) 


0.050 
0.063 


577 
610 


713 
891 


858 
1080 


602 
650 


(67 ' 
927 


1190 

1270 


0.071 
0.090 


628 
849 


914 
938 


1220 
1300 


680 
687 


964 
1005 


1310 
1360 


0.090 

o.i oo 


S71 
687 


967 
996 


1330 
1370 




1050 


1420 
1470 


0.125 
0.180 




1050 


1450 
1520 






1520 


SHEAR 


687' 


1050 


1520 


6B7 


1050 


1520 



RIVET 



ULTIMATE STRENGTH OF COUNTERSUNK CSR902B RIVETS 
IN ALUMINUM 2024-T81 CLAD (100* FLUSH HEAD) 



CSR902B (Flu a 50 kll) <TI-45Cb) 



CLAD 2D24-T81 



ULTIMATE STRENGTH. LBS < 3 ' 



RIVET 01AMETER 


3/32 


1/8 


5/32 


3/16 


SHEET THICKNESS 
(IN.) 
0.020 
0.025 
0.032 
0.040 
0.050 


(215 •) 








293 ' 
361 


USUI 

458 • 


(S54 'I 




0.O63 
0.071 




646 
648 


732 • 
910* 


1942 ') 


0.080 






•94 


1172' 


0.090 








1433 


RIVET SHEAR 


362 


648 


994 


1433 



See page .4 lo. 



MOTES: 

1. Value* ira (or R.T. us* only. 

2. Value* that ara 1ung«rtlnm *r* lor taillMdg* cot 
in 'f u i i'M wym' ml HEsninD het wren 

3. ■ Denote* ultlm*« value* beied on IJxyHlu. 



TABLE A17 SOLID TENSION HEAD HIVETS CSK IN ALUM. TABLE A19 SOLID MONEL RIVETS CSK IN S3 SHEET, 



ULTIMATE STRENGTH OF MS14219E RIVETS 



RIVET 




MSI 


421 9E (F«j a 43 kol) (705O-T73) 




SHEET 


CLAD2024-T3 




ULTIMATE STRENGTH, LBS W 




■■' 5/32 


3/16 


7/32 


1/4 


9/32 


5/16 


0.050 


152Z1 












0.063 


743 


uiai 










0.071 


788 


979 


(1065) 








O.OBO 


B34 


1105 


1280 








0.090 


854 


1185 


1520 


(12251 


(17151 




0.1O0 




1230 


1605 


1890 


12B201 


1212W 


0.125 






1755 


2145 


2560 


2965 


0.160 








2230 


2840 


3415 


0.190 












3525 


SHEAR 


854 


1230 


1755 


2230 


2840 


3525 




ULTIMATE STRENGTH OF MSI 421 9E RrVf 


rrs 






COUNTERSUNK IN ALUMlNUM_(1Z0 - TENSION HEAD) 




RIVET 




MSX213E (F,„ = 


43 ksl) (7050-T73) 




SHEET 


CLAD7075-T6 






ULTIMATE STRENGTH, LBS 


21 






5732 


3/16 


7/32 


1/4 


9/32 


5/16 


0.O4O 


!S£31 












0.050 


(704) 


(846) 










0.063 


ara 


unia 


(12701 








0.071 


832 


1140 


IU35) 


(16151 






O.OBO 


854 


1180 


1600 >- 


[11201 






0.090 




1220 


1650 


(20201 


123151 


uaia 


0.100 




1230 


1700 


2090 


izssa 


(2asoi 


0.125 






1755 


2230 


2740 


3295 


0.160 










2840 


3525 


SHEAR - 


». • 854.. 


■ 1230 


1755 


2230 


2640 


3525 
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01 UJ 

fc?. 

£ E 

UJi- 

I« 

|s 

is 
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u-<n 
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=s 
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1. Vnluas ara lor H.T. us* only. 

2. Values thai ara ( underlined) *r* knlte-edgi condition. S** pig* Al b, 
/•commanded •JiMithieknams. 
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5s 



IH re 

LU U 

s 



3 ? 



3 « 



I ! 



■ LOt 



I t 



01 V 

s s 



s ■ 



" 3 



s s 



in ia 



8 C 



3 i 



1 I 



£8 



I i 



8 I 



s s 



2 
2 



is 

if 



O TO *J 



A15 



APPENDIX A ADDITIONAL DESIGN AND ANALYSIS DATA 



TABLE A20 TENSION STRENGTH OP SOLID ALUM. RIVETS TABLE A22 BLIND PHOT. HEAD HIVETS IN ALUMINUM 



EFFECTIVE ULTIMATE TENSION STRENGTH OF ALUMINUM 
RIVETS IN ALUMINUM SHEET (FOB SECONDAR Y LOADING) 



PROTRUDING HEAD RIVETS 



■" 'RIVET.";,'. 


. "':' MS 20470 AD (21 17-T3) 


■I" 


. SHEET 


BARE J, CLAD 2024-T3, T4, T6, TAX, 7075-T6 




..... .. ULTIH^E STRENGTH -LB 


~->_^D^ 


"' 1/8 


5/32 


3/16 


" 1/4 


.020 


140 








■: jOZS 


180 


220 






; ' .032 


•-' 240 


260 


320 




' MO 


300 


"'■ 350 


420 


.'." 570 : 


.050 


375j 


430 1 


... 520 


700 


. . .083 


416 


. S60: 


840 


860 


.071 




642 


730 


070 ' 


.080 






825 


1100 


.090 






035 


1230 


■ .100. 








1380 


.125 








1650 



FLUSH HEAD RIVETS 



RIVET 


, MS20426 AD(2117-T3) 


I" 


SHEET 


BARE 1 CLAD 2024-T3, T4, TG, T8X, 7075.T6 




ULTIMATE STRENGTH - LS 




1/8 


5/32 .. 


3716 


1/4 


. ; ■ 


. 230 








:063 


330 ' 


360 " 






.071 


375 ' 


. . 440 


480 




.080 




53S 


590 




.090 




57S 


715 




.100 






""' 842' 


925 '• 


.125 








1350 7- ' 


-1«... 








1485 



ULTIMATE STRENGTH OF BLIND PROTRUDING HEAD ALUMINUM 
ALLOY (2017) HIVETS IN ALUMINUM SHEET (1) . 
(OVERSIZE DIAMETER) " ' 













RIVET TYPE 


; . NAS 1768D (F w . 3a ltd) 


AOM 




SHEET MATERIAL 


■ CLAD2024-T3 


RIVET DIAMETER 
HOLE DIAMETER 


1/8 
(0.144) 


... 5/32 . . . 
(0.178) 


3/16 
(0.207) 




. ULTIMATE STRENGTH, LBS. 


SHEET THICK 

0.020 
■ 0.025 


199 
278 


307 ' : 




.. 0.032 

r- 0.040 ' 


373 
429 


453 

577 * 


476 
677 


0.050 
. 0.063 


494 
583 


6S9 
767 


810 
934 


0.071 
0.080 ■■• 


619 . .. 


830 . 
906 


1011 
1097 


0.090 

o.too 




935 


• 1195 
1260 


RIVET SHEAR 


619 


935 


1260 


. />; 




--■ RIVET TYPE 


. -NAS 176BD IP....11MI 


' *st! 












SHEET MATERIAL 


CLAD7075-T6 


RIVET DIAMETER - 
HOLE DIAMETER 


1/8 
(0.144) 


5732 "" 
(0.178) : 


3/16 
si : (0.207) 




ULTIMATE STRENGTH. LBS. 


SHEET THICK 

. 0.020.,,;., 

'•: 0JJ25 fi 


252 

3oi ■ ; 


384 




■ 0.032 Iff l 

... 0.040 : 


373 

442' j 


■■ 469 
570 


557 j 
' 676 


oaso ■■ 

0.063 


508 
578' 


674 : 
'777 


619 

963- 


0.071 
0.060 


618 


827 

• 890 


1026 
- 1098 


0.090 . . 
0.100 




835 


1176 
1260 


RIVET SHEAR 


Gtg 


• 935 


1260 


NOTES:' ' 

1. Vsiui* am lor roo 


tn tempt ralurt 


„_,...... 

«• only. 





TABLE A21 BLIND PHOT. HEAD HIVETS IN ALUM. TABLE A23 BLIND PHOT. HEAD HIVETS IN ALUMINUM 



ULTIMATE STRENGTH OF BLIND PROTRUDING HEAD ALUMINUM 



RIVET TYPE 


'. .HAS 1390 B AND 

; HAS 13H«.".j ."1 

Code a |f„ .jo ho 


HAS 1399 0 AKO , 
| HAS 1394 D. ' 
CODE A iFmi > 30 kill 


HAS 1736 9 AHD 
HAS 1739 E. 
(F».34k«| 


IHEET MATERIAL 


> CLAD 2024.T3 AND HIGHER STRENGTH ALUMINUM ALLOYS 


RIVET DIAMETER 


1/9 


5(33 | j/ie 


114 


1/9 ' 


5/31 


3/15 I 1/4 ; 


1/9 


5/3? 


3/16 


HOLE DIAMETER 


10.130] 


10.162* 1 (O.tM! 


10.2691 


10.1301 


10.162) 


[0.196ll 10.2591 


10.1441 


ra.l79i 


(O.207 


SHEET THICK 
0.O2O 
0.079 


':.'. ..■!.."■ ..' ULTIMATE STRENGTH. LBS 


107 i - 
IS" 


!19B 
262 


! 199 - 
290 


314 


197 
219 


'199 
292 


in 

: 290. 


314 


199 

267 - 


214 

305 


321 

330 


0.017 
0.04O 


29* 

337,' 


:364 
'446 


412 

- 353 '* 


479 

' 410' 


.'304 ■ . 
- 355 '! 


394 
470 


412, 
553 ' 


471 
970 


369 
427 


.429 
567 


47) 
536 


0.050 
0.063 


399 


921 
599 


-662 
761 


•14 ' 
1145 


419 ■ 
494 


545 

547 


999 
919 


914 

1203 


490. 
504 V 


550 
736 


91S 

91! : 


0.07t 
0,000 






;ts4 . 

Vtl 


12*0: 
1350' 




710 
7S! 


-894 
975 


1303 
1420' 


504', 


762' 
; 742 • 


9/9 
I07« - 


0.OK 
0.100 
O.IU 


r 






1475 
1550 






,1069 
1090 


1S45 
1970 

1970 k 






1026 • 
102«' 


RIVET SHEAR 


394 


396 ' 


662 


1550 


494 


756 i 


1090 


1970 


554 


937 


1129 



ULTIMATE STRENGTH OF BLIND PROTRUDING HEAD ALUMINUM ALLOY 
(50S6 "CHERRYMAX") RIVETS IN ALUMINUM SHEET 



D.not.1 ulltrul. Yklu.i btMd on \A X 



PART-NO. 
'... HEAD STYLE • •• 
— "' ; ' s "'« SHEET MATERIAL " 


CR3213 

PROTRUDINO .. . . . 
20J4.T3 CLAD 


. ARN| 


FASTSHER DIAMETER. IH. 
1 NOMINAL DIAMETER. W.l 


'1/B'.' ■ 
0.1300 


5/32 
0 1620 


3/16 
0.1940 


1/4 

0.2590 


SHEET THICKNESS. IH. 


ULTIMATE STRENGTH. LBS: 


iilllililili 


102 
172 
123 
295 
344 
393 
445 
470 
499- 
' 530 
591 
936' 
•94 


202 
297 

■ ..359 
4S4 
520 
599 
649 

. 697 
739 
775 

in 

1001' 

1030. . 


Joe 

4IS 
539 
673 
769 
927 
992 

tog. 

1020 . 
1135 : 
1300 
'1419 
-1490 


517 
991 
969 

1150 

1235 

1370 . 

1429 . 

1520 

1759 

1170 

2155 

2413 '■ 

«•«"• 


FASTENER SHEAR STRENGTH 


564 


.030 


1490 


2615 



ULTIMATE STRENGTH OF BLIND PROTRUDING HEAD MONEL 
: RIVETS IN ALUMINUM SHEET (1) 



NOTES: 

1. Valua* ar* ler room Umparalu-a nil only. 



ULTIMATE STRENGTH OF BLIND PROTRUDING HEAD ALUMINUM ALLOY (5i 
"CHERRYMAX)" RIVETS IN ALUMINUM SHEET (OVERSIZE DIAMETER) 



RIVET ■ 


NAS 1398 MS. MW AND CODE A (F„, = 55 ksl) 


SHEET 


CLAD 707S-T6 & HIGHER ALUM ALLOYS 




ULTIMATE STRENGTH. LBS. 




! 1/8 


5/32 " 


3/16 


0.020 ; i 


. 23! 


258. 




0.025 J"" 


318 


361 


394 


0.032 ; 


' 404 


506 


569 


0.040 


466 


624 


774 


0.050 


546 


720 


922 


O.063 


647 


845 


1072 


0.071 


710 


921 


1168 


0.060 




1009 


1272 i 


0.090 




- "'1090' - 


1387 


"0.100 






1S07 . 


0.125 






• 1580 


RIVET SHEAR 


710 


: 1090 


1580 : 



Ylatd stringth la 
In •xetss or 
80% ol ullllmata 



. , PART.NO. 
_ , . . HEAD STYLE 

SHEET MATERIAL 


CR3243 . 
PROTRUDING 
2024.T3a.AO 


AftE | . 


FASTENER OiAMETER. IN. 
1 NOMINAL DIAMETER, IN.J - 


1/9 

' 0.144O" 


Ml 
• 0.1760 


... »'«., 
0.2070 


1/4 

0.2730 


SHEET THICKNESS. IN. 


ULT1MATE 31 REN QTH. LBS 




0.019 

0.026 ... 

0.025 

0.032 

0.040 

0.650 

0.063 

0.071 . 

0.M0 

0.090 

0.100 

0.160 
0.190 
0.750 
0.312 


" 122 ' 

70S 

269 

359 
■< 429 

495 ' 

556 

599 
•■ ' 919 

95Z 

U9 
.7 759,','.. 
• 797' 


340 - 
'.-," 317 
429 ' 
* 652 
■ -659 , 
749 
605 
•97 
909 
. 950 
t-'MSJ'-. 
1163' 
1206' 


150 
495 

427 
• 10 
530 
H6 
1055 
1190 
1205 ■ 
■ ■«!»:- 
1495' 
1575' 
1490' 


995 

791' 
1025 . . 
1335 
1490 
1595 1 
1995 

16O0.-.. • 
W 2055*1? 
2275 
1195 
2745' 
3690* 


FASTENER SHEAR STRENGTH 


914 ' 


1215 


1695 


2925 


' NOTES: 1. ,VaW» are lot toon 
?. • dtntxaa uMnm v 


w-tpa-am-a ont». . 

aluai baMK) oil,!, riakl. 







PftHkmlrmy MQnwbtn, Chtny Tculron i*tri ing. 



APPENDIX A ADDITIONAL DESIGN AND ANALYSIS. DATA 
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TABLE A2^ BLIND PBOT. HEAD BIVET3 IN ALUMINUM 

ULTIMATE STRENGTH OF BLIND PROTRUDING HEAD MONEL 
. RIVETS IN ALUMINUM SHEET 



TABLE A26 BLIND C3K HIVET3 IN ALUMINUM 

ULTIMATE STRENGTH OF BLIND COUNTERSUNK HEAD RIVETS 
IN CLAD ALUMINUM ALLOYS (100 • HEAD) I 1 ) 



RIVET TY Ft 




C1U523 (F 


u. u mil 




CUCCT uaTtaiii 

SHfcPil MAI tMlAL 


CLAD 7075. TS - 


RIVET DIAMETER. IK 


1/8 


5/32 


3/1 B 


1/4 


(NOMINAL HOLE DIAMETER. (N.l 


(0-1301 


(0,1*1) 


(0.1541' 


(0.2581 




ULTIMATE STHEHOTH. LBS. 


SHEET THICKNESS, W.' 










SOW • 


121 








0.035 


284 


344 






0.032 


373 .. 


454 


533 




0.040 


471 


S41 


004 


078 


0.050 


002 


740 


075 


1130 


O.08J 


701 


549 


1120 


1459 


: ten 


72» 


105S 


1770 


I6S5 


0.000 


TOO 


1005 


1140 


1085 


o.ow 


7M 


1140 


1540 . 


2135 


0.100 


031 


1100 


ISM,. 


7390 


0.12S 


003 


1290 


172S 


2750 


0.1 H 




1340 


1909 


3O05 


0.1M 






1110 


3215 


- - 0.»!0 








3400 


RIVET SHEAR STRENGTH 


003 


1340 


1920 ' ■ 


3400 



HIV & 1 1 Trft 


HAS 1399 S AND 
, HAS 13MB, CODE A (MM) 
(Ftu » 30 leal) 


NAS 1398 D AND 
HAS 1399 0, CODE A (2017) 
IFtu - 38 k 91) 


SHEET MATERIAL 


CLAD 2024-T3 AND HIGHER STRENGH ALUMINUM ALLOYS 


RIVET DIAMETER . 
(NOMINAL HOLE) 


( 1/S 
(0.130) 


5/32 
(0.102) 


3/16,. 
(0.194) 


178 
(0.130) 


5732 
(0.182) 


3/19 
(0.194) 


SHEET THICKNESS 
0.032 


ULTIMATE STRENGTH. L 


BS. 














0.040 

oust 

0.063 
0.071 


MOB*) 
171 • 
296* 

366 


1170 •! 

iri- 
ses* 


US5J 
330 • 


fine •! 

171* 
298* 
371* 


una 

273 • 
388 ' 


L25J_D 

330" 


O.OSO 
. 0.090 
0.100 


381 


474* 

57B 

596 


45< ' 

s«- 

740' 


423 
459 
494 


474* 
S94* 

652 


458* 
599* 
740* 


0.125 
0.160 






B62 




755 


989 

1090 


RIVET SHEAR 


388 


596 


•02 


494 


755 


1090 



ULTIMATE STHENGTH OF BLIND PROTRUDING HEAD MONEL 
RIVETS IN ALUMINUM SHEET (OVERSIZE DIAMETER) 









AOO 




FffVETTYPE 


NAS 17S4M |Ftu • 9S Ml) 






SHEET MATERIAL 


CLAO 7075-TB 


RIVET DIAMETER. M. 


in 


5/32 


3/18 




(HOIANAL HOLE DIAMETER. IN.1 


10.1*41 


(0.178) 






ULTIMATE STRENGTH, LBS. 


SHEET THICKNESS. M. 










0.020 ' 


145 








0.025 


331 


300 






0032 


444 


320 


991 




0.040 


321 


807 


771 




o.o» 


S»7 


802 


984 




0.053 


»9T 


823 


1140 




0.071 


781 


1001 


1228 




o.oso 


830 


1087 


1324 




0.090 


889 


1182 


1435 




0.100 




1280 


1547 




0.125 




13S3 


1823 




RIVET SHEAR 


195 


1353 


1823 



MOTES: Values «ro lor room lernperatura only. 



RIVET TYPE 


NAS 1399 MS OR MW 
- AND NAS 1399 MS OR MW, CODE A 
MONEL (F.usSSksl) . . 


SHEET MATERIAL 


CLAD 707CT6 AND HfGH£A STfiENfiH'ALUMlHUU 
ALLOYS 


RIVET DIAMETER 
(NOMINAL HOLE) 


1/8 

™ ULt, 


5732 3/16 
MA. k lVH 6 |N( i TH. l LBS. (0 - ,M ' 


SHEET THICK 
0.032 












0.040 
0.050 
0.063 
0.071 


izax 

335* 
497* 
557 


13213 

530 • 
654 * 


1527*1 
677* 


0.000 
0.090 
0.100 


610 
636 
562 


794 
873 
937 


845* 
1031 * 
1175 


0,160 
0.190 


710 


1015 
1090 ' 


~ tSTB 

1505 
1580 


RIVET SHEAR 


710 


1090 


1580 



NOTES 

1. Values .r. tor 

2. • Denotes ullfn 

3. V.lu.m lh.1 878 luim.rlln.dl .r. knllo edge. 



lempereture ua« only. 

on 1.5 1 yield. 



TABLE A25 



BLIND PBOT. HEAD HIVETS IN ALUMINUM 
AND AISI 301 



ULTIMATE STRENGTH OF BLIND PROTRUDING HEAD A-286 
RIVETS IN ALUMINUM 



TABLE A2? BLIND CSK HIVETS IN ALUMINUM 

ULTIMATE STRENGTH OF BLIND COUNTERSUNK HEAD RIVETS 
IN CLAD ALUMINUM 2024-T3 ALLOY (100' HEAD) (') 



RIVET TYPE . 


- - CR4U3(F W 8i75l.ll) 


SHEET MATERIAL 


CLAD 


^»,,. ..... , 


RIVET DIAMETEft, IN. 
(NOMINAL. HOLE DIAMETER. 1H.1 


\m 

ro.130) 


sat 

[0.192 


3H3 IM 
"■«* 1 


SHEET THICKNESS. W, 
0,020 
0.Q25 


ULTIMATE ST 


IENGTH. LBS. 


237 

291 


3*7 






0.832 
0.M0 


3*4 
4U 
SID 


m 
mi 

757 


545 

TM 
902 


■31 
11*9 


0.063 
0.071 
0.080 


772 
«S4 
MS 


954 
108Q 

12» 


11*5 
12H 
1455 


1505 
1701 
1923 


0.090 
0.1 DO 
0.125 


954 

tts 


1340 
1*03 
1343 


IMS 
1*30 
2099 


217S 
2425 
3035 


0.140 
0.1*0 

0.250 






22. tl 


3570 

3«as 

3920 


RIVET SHEAR STRENGTH 


99$ 


1545 


2215 


3920 



ULTIMATE STRENGTH OF BLIND PROTRUDING HEAD MONEL 
RIVETS IN STAINLESS STEEL SHEET 



RIVET TYPE 


NAS 1388 MS OR MW AND HAS 1-138 MS OR MW 




CODE A (Flu . 55 kill :•■ 


SHEET MATERIAL 


AISI 301-HALF HARD 


RIVET DIAMETER. 1K. 


1/8 


1/32 




(NOMINAL HOLE DIAMETER. 174.1 


(0.1301 


(0.161 


10.194) 




ULTIMATE STRENGTH, 


LBS. 


SHEET THICKNESS, 1H. 








0.020 


378 


480 


591 


0.O25 


402 


584 


715 


0032 


548 


734 


994 


0-040. 


994 


870 


1094. 


0.050 


03! 


415 


1270 


0.043 


479 


971 


1339 


0.071 


TOO 


1008 


1380 


«s°: 


T10 


W48 


"» 


0.090 




1090 


1478 


0.100 






1532 


0.125 






1500 


RIVET SHEAR 


710 


1090 


1500 



Ylald strength 
18 In axc.aa 
of 80% of 
ulltlm.l. 



RIVET TYPE 


NAS 1739 B -A — 
AND NAS 1739 E 
(Faun 341(91) — 


SHEET MATERIAL 


CLAD 2024-T3 AND HIGHER 


RIVET DIAMETER, IN. 
(NOMINAL HOLE DIAMETER, IN.) 


1/8 
(0.144) 


- 5/32 
(0.178) 


3/16 
(0.207) 


SHEET THICKNESS. IN. 
0020 
0.025 


ULTIMATE STRENGTH, LBS. 








0.032 
0.040 
0.050 


(2121 

266 
344 


12251 

410 




0JJ63 
0.071 
0.080 


441 
504 
554 


533 
608 

693 


(jasi 

696 
794 


0.090 
0.100 
0.125 




787 
837 


900 
1015 
1128 


RIVET SHEAR STRENGTH 


554 | 837 


1126 




RIVET TYPE ■.-'■■: 


NAS 1769 D aot 
(Ftu = 38 K3l) 


SHEET MATERIAL 


CLAD2024-T3 


RIVET DIAMETER. IN. 
(NOMINAL HOLE DIAMETER, IN.) 


1/8 | S732 
(0.144) ] (0.178) 


3/16 
(0.207) 


SHEET THICKNESS, IN. 
0.032 
0.040 
0.050 
0.063 


ULTIMATE STRENGTH. LBS. 


1177 ■) 
290* 
361 
446 


1215_!1 
447* 
561 


675' 


0.071 
0.080 
0.090 


502 
564 
619 


624 
7O0 
, 788 


741 
S19 
921 


0.1O0 
0.1 25 




871 
935 


1020 
1260 


RIVET SHEAR STRENGTH 


619 


935 


1260 



NOTES: Values sv* lor room temperature use only. 



NOTES: 

1. Valuos ara lor room temperature use only. 

2. * Denotes ulllmBl. values based on 1.5 x ylald. 

3. Valuas that ara (underlined) are knlle adga. 
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APPENDIX, 4 ADDITIONAL DESIGN AND ANALYSIS- DATA 



TABLE A28 BLIND CSK RIVETS. IN ALUMINUM 



TABLE A30 BLIND CSK HIVETS IN ALUMINUM 



ULTIMATE STRENGTH OF 8LIND COUNTERSUNK HEAD RIVETS 
IN CLAD 7075-TS ALUMINUM ALLOY (100" HEAD) <•> 



ULTIMATE 'STRENGTH Of BLtND"eOIJNTERSUNK HEAD RIVETS 



" RIVET TYPE 


NAS 1769 D *0P 
2017 SLEEVE, 7075 STEM (F„ = 38 kjl] 




SHEET MATERIAL 


• CLAD7075-T6 .. 


RIVET DIAMETER, IN. 
(NOMINAL'HOLE DIAMETER, IN.) 


'1/8.. 
(0.144) 


. 5/32 
(0.178) 


3/16 
(0.207) 


•:■ ..... ' ■ ••<■ ■- "*" , : ' 

""" SHEET THICKNESS, IN. 

0.032 

0.040 

0.050,. .', 
. 0.063 


; ULTIMATE STRENGTH, 


.as. 


am 

382 
4B5 


MTOT 
592 




.0.071 

'*','* -• 0.080 
0.090 


' 525 
' 569 
619 


683 
: 749. 
611 


773 
891 
938 


0.100 

"'.'•'- •■• v ' 0.160 




871 
935 


1060 
1237 
1260 


nn;CT CJCAO DTDEU^TU 

HIVST 5nc*H SjlntNvTn 


619 


935 . . 


.1260 






RIVET TYPE 


NAS1769M (Ftu'SSkel) «OT 
«.< — r . (MONEO " 




SHEET MATERIAL- 


CLAD7075-T6 


RIVET DIAMETER. IN. . 
(NOMINAL HOLE DIAMETER, IN.) 


1/8 

(0-144) 


. 5/32 
(0.178) 


3/18 
^StO.2071 


SHEET THICKNESS. IN. ," : 
0.032 .-/..^. 
,.. •• 0.040 ;f* 

o.oso 

0.063 


ULTIMATE STRENGTH. 


LBS. 


(273*1 
,'•."' .342' 
' 455 * 
853 


H23_U 

S28" 
732* 


(77V1 


0.071 

0.080'. 
.. 0.090) 


686 
724 
76S 


917* 
1007 
1058 


920' 
1170' 
1345 


0.100 

. "o;i2s 


805 
895 ' 


1109 , 
. 1236 


1405 

1551 


0.160 

0.190 




1353 


1757 
1823 


■ RIVET SHEAR STRENGTH 


895 


1353 


1823 



NOTES: '?.;' IVk- 

.1, -Valuae ere tar room temperature use only. 

2. • Denotes ullimaievaluaa baaed on 1.5 r; yield. 

3. Vemea Ih.l mrm lunriarilnmll ere knlta adna. 



RIVET TYPE 


CR3212 (Fi, . 50 kill H^- 


.-.SHEET MATERIAL - 


CLAD2024.fJ .- L - 


RIVET DIAMETER, IrJ. : 
(NOMINAL HOLE DIAMETER, IN.) 


, 1/8 
(0.130) 


(0.162) 


3/16 
'".(0.194V 


1/4 
(0.25B) 


SHEET THICKNESS, IN. . . .. 
0.032 ;1 * ; 
0.040 ' 
0.050 
0.083 


ULTIMATE ST 


1ENGTH. LSS. 


302* - 
380* 


! B39J1 
(341 •) " 
474' 


HSJU1 
s (527'1 




0.071., 

0.080 

0.090" . 


♦23 V 
474 

511 ,, 


-'Sii' . 

S99' 
669* 


tsua 

■w '725 • 
610* 


-w 


0.100. . 
0.125 - 
0.160 


548' 
620* 
654- 


■'. rtf*— 
852* 
977' 


" 883 ' ~ 
1085 
1269 ' 


1490* 
1875 


0.190 

0.250 , ... 
0.312 




1007' 


1394' 
I486* 


2100 

2453* 

25B5- 


"RIVET SHEAR STRENGTH - " 


864 


1030 


1480 


2615 




RIVET TYPE-' ■ :, l ! "''- 


_ CR3242 (F n - SO kll) <2 - 


sheet material 


... CLAD 


SJ24-TJ - ... 


,-'- HIVET DIAMETER, rN. 
(NOMINAL HOLE DIAMETER; IN.) 


1/8 
(0.144) 


5/32 
(0.178) 


3/16 
(0.207) 


1/4 
(0.273) 


f SHEET THICKNESS, IN. 

1 . 00.25 . ,. 

0.032 W 
. 0.040 

0.050 


ULTIMATE ST 


RENGTH, L8S. 


1144 •) . 

I2HUJ 
275* 
349 


[2303 

425' 


' (344 ') 

uss;j 




0.063 

0.071 ' ! 
0.080 


445 
514 
545 


543 - 

605 

701 


. (641 '1 
.. 714 
794 


(891 -1 

iron 


.0.090 

**">' 0.100 rl 

0.125 


573 
. 600 
669 


803 
837 
921 


911 
,1035 
■»', 1165 


1200 
1315 
1690 


■ 0.160 
, 0.1 oo 

-, . 0350 


765 
614 


1040 
1145 
1245 


- '1305 
1425. 
1660 


2000 
2160 
2470 


,;' 0.312 
■ ■ 0.375 1 "'' 






1685 


279S~ 
2925 


fWETSHEAtt STRENGTH 


814 


1245 


1685 


2925 " 



NOTES; 
' t. V 

Z. ' D-wwtti ufthnU* vatual tmt wil.li yMihl 
4. * rraftTTrtMry Mowtttot, Chtrry T«Rron (•wHifl. 



TABLE A29 BLIND CSK HIVETS IN ALUMINUM 

ULTIMATE STRENGTH. OF BLIND COUNTERSUNK HEAD RIVETS 
IN CLAD 707S-T6 ALUMINUM (100° HEAD) (1) 



a RIVET TYPE 


NAS 1921 B (Fau - 36 k>l) AFK 


SHEET MATERIAL •!: . 


CLAD7075.T6 


RIVET DIAMETER, IN; ,: . r:s 
(NOMINAL HOLE DIAMETER. IN.) 


.: . 1/8 

sa- 1 (0.130) ■ 


5/02 
(0.1621 


3/1S 
(0.194) 


SHEET THICKNESS. IN. 
0.032 
OMO 
0.050 i 

... 0.063 

0.071 


' ULTI 


*(ATE STRENGTH, 


LBS. ■ 


(16S'( 
232 

313- — 

360 


|2S7«) 
386 
427. . 


(405 •) 
(484) 


i o.oao . 

0.O90 . 

0.100 ; 


. 416, 
477 
' 494 


498, . 
571 
847 , 


566 
658 
748 


, 0.125 ; 

> ' 0.16O ' ...'.:*' ■■. '< 




755. 


.979 
1090 


RIVET SHEAR STRENGTH 


495! 


755 ■, 


1090 



RIVET TYPE 


NAS 1921 M ■ w 
(F«, < 75 k»l),MONEL 


NAS 1921 C «k 
(F u >75k>l),(A286) 


SHEET MATERIAL 


CU0 7075-T6 




RIVET DIAMETER, IN. \ 
[NOMINAL HOLE DIAMETER. IN.) 


1/8. 1 5/32 I 3/16 
(0.130) (0.162) (0.194) 


1/6 - 
(0,130) 


(0.162) 


3/16 
(0.194) 


. .:;"-' 
SHEET THICKNESS, IN. : 
0.050.'. is ;3>"' 
0.083 ' 
0.071 


' " ULTIMATE ST, 


IengTH. Lfe5 


531 

'671 ' " 
758' 


831 • 
938* 




S4B " ' 
889* 


857 * 




- 0.080 
0.090 
0.1O0 


854 ' 
911 • 
939* 


1061' 
1194' 
1328* 


1265' 
1428* 
1590* 


hf42' 
897* 
959* 


974 ' 
1106 * 
1253 ■ 


1310' 
1485' 


0.125 
0.16O 
0.190 


1020 

i "' 


1458 ■ 
1565* 


1898 1 
2145* 
2260 


1029 • 


1397 • 
1598 ' 


1658 • 
1988' 
2400* 


RIVET SHEAR STRENGTH 


102O 


1565 


-S60- 


— iTSW - 


1670 


-floir 



TABLE A31 BLIND CSK HIVETS IN ALUMINUM 



ULTIMATE STRENGTH OF BLIND COUnTEHSUNK HEAD RIVETS 
IN 7D75-T6 ALUMINUM ALLOY (lob* HEAD) ('I 



NOTES: ..... . ; ; . ... 

1. Valutt ere for room lamporeturo um only. 

2. * Danotas ulllmal* valoaa baaad on 1.5 t yield. 

3. , Veluea Ihel era (und«rlln«d) ere knlla «dg« 



RIVET TYPE 


CH4522 (Fa, = 65klll 


SHEET MATERIAL ■ ■ 


.,:'.;,.-:,■(., • CLAD7075-T6 


RIVET DIAMETER. IN. 

(NOMINAL HOLE DIAMETER. IN.) 


1W ..,.„... 

(0.130) 


S/32 „ 

(0.1621 


.. 3/16. . 
10.194) 


1/4 

(0.258) 


SHEET THICKNESS, IN. 
0.0J0 

, .0.063 


ULTIMATE STRENGTH. LBS. 


254* 
510* 


410* 






: 0.071 

0.080 ...'; 
0.090 


681 ' .. 

754 

778 


612* 
843' 
1095 


725 * 
1032 ' 




0.100 
0.125, , 
0.180 


787 

652 

B63 


1170 
1240 

1335 


1332* 

1695 

1810 


2033* 
2975 


, 0.190 I 
• ffr 0.2S0-- ' .-I"'--, 
0.312 " 




1340 


1910- 
1920 


3105 ; 

3365 
3400 


HIVET SHEAR STRENGTH 


863 


1340 


1920 


3400 








RIVET TYPE 


CR4622 IF, U = 75 ksl) 


SHEET MATERIAL- >• 


CLAD 7075-T6 


RIVET DIAMETER, IN. 
(NOMINAL HOLE DIAMETER IN.) 


,'-' 1/8- • . 
(0.1441 


■ S/32 
. (0.1781 


3/16 ■ 

(0.2071 


1/4 

(0.273) 


SHEET THICKNESS, IN. 
■ ■<.<■- 0.050 


ULTIMATE STRENGTH. LBS. 


317 ' 








0.063 
0.071 
■ 0.080 


576 ' 
734 • 
913 


509" 
705' 
930 * 


861' 




0.090 
0.100 
0.125 


847 
982 
995 


1181 ' . 

1420* 

1525 


1161 • 
1455* 
2060 


1280' 
2258 * 


0.160,. 

o:-Mo" 

0250 




1545 


2215 


3605 v 

3810 

3920 


RIVET SHEAR STRENGTH 


995 


1545 


2215 





NOTES: 

.1. L Vslut* are lor room lomparalure uu only. 
2. • Danotea ulllmala valuai baaed on 1.5 a yield. 



APPENDIX A ADDITIONAL DESIGN AND ANALYSIS DATA 
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TABLE A32 BLIND CSK RIVETS IN AI3I 301 SS 



ULTIMATE STRENGTH OF BLIND COUNTERSUNK MONEL RIVETS 
IN AISI 301 SHEET (100* HEAD) (1 1 



RIVET TYPE 


HAS 1399 US OR MW AND 
NASI 399 MS OR MW, CODE A (Fm 3 S5 k«l| 


SHEET MATERIAL 


„ AISI 301 - HALF HARD 


RIVET OIAMETER, IN. 
(NOMINAL HOLE DIAMETER, IN.) 


1/8 
(0.130) 


5/32 
(0.182) 


3/16 
(0.194) 


SHEET THICKNESS, IN. 
0.032. 
0.040 


ULTI 


tAATE STRENGTH, 


.8S. 


(235J 




mrt 


0.050 
0.003 
0.071 


363 ' 

491 

589 


1390 ') 
569 
668 


r 

(744 1 


0.080 
0.090 


657 
710 


776 
899 


ass 

1032 


0.100 
0.125 




1019 
1090 


1192 
1580 


1 RIVET SHEAR STRENGTH 


T10 


1090 


1580 



NOTES: 

1 . Valuta ara lor room lampamtura us* only. 

2. • Danotas ufllmai* vaJuas basad on 1.5 x ylatlcf. 

3. Valuas thai a/a ^undadJtiad | a/a tullla adga. 



TABLE A3-+ BLIND BOLTS CSK IN ALUMINUM 



ULTIMATE STRENGTH OF BUND BOLTS (100 • HEAD) IN 
CLAD 7075-T6 ALUMINUM I') 



FASTENER TYPE 


MS 21140(F*u«95kiI) — - 


SHEET MATERIAL 


CLAD 707S.T6 


FASTENER WAM. IN. 
(NOMINAL SHANK D1AM) 


S/32 
(0.163) 


3/16 
(0.199) 


1/4 

(0.2S9) 


5/16 
(0.311) 


3/8 
[0.3731 


SHEET THICKNESS 
0.050 
0.063 
0.071 • 


ULTIMATE STRENGTH, LBS. 


1717-1 ■ 










0.090 
0.090 
0.10O 


876 • 
1053* 
1229 " 


1941 ') 
1095 * 
1352 * 








0.125 
0.160 
0.190 


1573* 
1972* 


1S90* 
2640* 
2880* 


J1S3- 
3135- 
3983- 


Bam :i 

3428* 
4448 " 


13645 -1 
4853* 


0.200 
0.2S0 
0.312 






4260* 
4868* 


47B5 • 
6480* 


5265* 
7290* 
9690" 


FASTENER SHEAR 


1980 


2925 


5005 


7215 


10380 



RIVET TYPE 


NAS 167D-L ! • — - 


SHEET MATERIAL 


CLAD 7075-T6 


FASTENER DIAM, IN. 
(NOMINAL SHANK DIAM) 


5/32 
(0.163) 


3/16 
(D.198) 


1/4 

(0.259) 


S/16 
(0.31 T) 


3/8 
(0.373) 


SHEET THICKNESS 
0.063 . 
0.071 


ULTIMATE STRENGTH, LBS. 


1750 'I 
902 ' 


1971 '• 








0.080 
0.090 
0.100 


1067* 
1203 • 
1331 • 


1182 • 
• 1412* 
1626 ' 


(13Q8-I 
/1590 •) 

(TgS3,:t_ 


(2025 1 




0.125 
0.160 
0.190 


1658 ' 
1878 


2010* 
2550* 
2G20 


2655* 
3375 • 
3983* 


{2fl9JL*l 
4080 ' 
4800 " 


14583 *l 


0.25D 
0.312 
0.375 






4500 


6000 


7530* 
9420 * 
9750 


FASTENER SHEAR 


1678 


2620 


4500 


6000 


9750 



NOTES ... 

1. VoIms or* for room Itmpt-raturt us* only. 

2. * D*no(*j uUlrrmn valun bu*d on Uxyltld. 

3. YollMl thit (jjEsUfJlotsu «r. knll* odgo. 



TABLE A33 BLIKD BOLTS CSK IN ALUMINUM 



ULTIMATE STRENGTH OF BLIND BOLTS (100 • HEAD) IN 
ALUMINUM ALLOY t-> 



FASTENER TYPE 


MS90353(F„.112li»l) 


SHEET MATERIAL 


CLAO OR BARE 7075-T6 OR TS51 


FASTENER DIAM 
(NOMINAL HOLE) 


5732 
(0.163) 


3/16 
(0.198) 


1/4 

(0.259) 


5/16. .. 
(0.3t1) 


3/6 
(0.373) 


SHEET THICKNESS 
0.050 
0.063 
0.071 
0.080 
0.090 

! 0.103 


ULTIMATE STRENGTH. LBS.' 




1836 *) 
1000 - 
1181 * 
1364- 


111361 
1313* 
1538- 


LtSXU 

•> 






0.125 
0.160 
0.190 


1623* 
2340 


2093- 
2865' 
3450 


2460* 
3473* 
4343* 


(2790 •> 
3885 * 
4935 • 


(1Z7.U 
5531 * 


0.2S0 

ana 

0.375 






5900 


7020 ■ 
8500 


801 B * 
10613 • 
12200 


FASTENER SHEAR 


2340 


3450 


.5900 







NOTES 

1. Voluai or* for room tornpvralura ar* us* only. 

2. 'D«nat>iultlrnu>valu«b>M4oni.5iyi*id. 

3. V*lu«itm,l *r* undtritrrad *r* knln *dg*. 



TABLE A3 5 BLIKD BOLTS CSK IN ALUMINUM 



ULTIMATE STRENGTH OF BUND BOLTS (100* HD.) IN ' 
CLAD 2024 AND 707S ALUMINUM t't 



FASTEHER TYPE 


FF-200 


FF-260 


FF-312 


SHEET MATERIAL 


CLAD 

3024-742 


CLAD 
7075-T4 


CLAD 
2024-T42 


CLAD 
707J-T6 


CLAD 
J0I4.T42 


CLAD 
70T5-T5 


FASTEHER DIAM, IN. 
'NOMINAL SHANK) 


mi 

(0.1961 


3/10 

fo-wi 


1/4 
(0.2511 


1/4 

|0M9| 


5116 

(0Jtt| 


V14 

(03111 


SHEET THICKNESS 
O092 
0.040 
OiOSO 
0.063 
0.071 
OBM 
OlDBO 


■ 


ULTIMATE ST 


HENGTK, LBS. 


US2JL3 

1155* 
I3M ' 


(1*79*1 
1399 - 
1539' 










0.100 
0.145 
0.140 


1470' 
1*00* 
2100 


1699' 
1M0 
2200 


UHSU 
2070' 
2550' 


LISiUJl 
2400* 
3075* 


121S0J1 
2730' 


(23JOJ1 
2970' 


0.190 ... 
0.350 "■. - 
EL31I 


2400 
2020 ' 


2420 
2820 


3019' 
3*00* 
4500 . 


3T09' 
4320 
4500 


3300' 
4429* 
8534 * 


3700" 
55« " 


FASTEHER SHEAR 


2520 


2620 


•500 


1500 


MOO 


6000 



FASTENER TYPE 


5SHFA.200 
(Ffej ■ 50 hit) . 


SSHFA-260 
IF„ - 90 koll 


SHEET MATERIAL 


CLAD 
2024-T42 


CLAD 
T0T5-T8 


CLAD 
2024-T42 


CLAD 
707J.T6 


FASTENER DIAM. IK. 
1 NOMINAL SHANK) 


3/14 

(0H5I 


jno 

(0.1991 


1/4 1 1/4 
(0.2391 1 I0.2S91 


SHEET THICKNESS 
0X132 
0.040 
0.050 


ULTIMATE ST 


1ENGTH. LBS. 










0.063 

turn 

O.MO 


am 

1040 


b*VB 
1060 






0.090 
0.100 
0.125 


1270 
145Q 
1350 


1270 
1450 
1550 


[15831 
2010 


UBJtTJ 
2350 


0.160 
0.190 

0.250 






2X0 
2520 
2550 


2550 


FASTEHER SHEAR 


I8S0 


1550 


2650 


2950 



NOTES 

1. Vj-Jum nf» fcw room Imaptitun im only. 
Z ' D*»«ot»Ji ij«Itth1UI vtHM MsmptJ on Mityt«W. 
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.APPENDIX A ADDITIONAL .DESIGN AND ANALYSIS' DATA 



TABLE A3 6 BLIND BOLTS CSK IN ALUMINUM 



TABLE A38 LOCKBOLTS CSK IN ALUMINUM 



ULTIMATE STRENGTH OF BLIND BOLTS (100? HEAD) IN 
• " ALLUMINUM ALLOY 0) 



ULTIMATE STRENGTH OF 100° FLUSH SHEAR HEAD Tl 
LOCKBOLTS IN ALUMINUM ALLOY <D 



. FASTENER TYPE 


.,„.... .„ PLT-150(F» u «1l2k»l) 

(H-11 Nul and scrtw, Inconal X-750 or A-2B6 Slaava) 


SHEET MATERIAL 


■ •• . . CLAO7075-T6 c 


FASTENER DIAM, IN. , 
(NOMINAL SHANK) 


5/32 
(0.163) 


3/16 ■- 
(0.188), 


1/4 

• (0.259) , , 


•' 3/8. ■ 
(0.373], 


■■■' ■■'f !. vioy ; ;Ui .'. 

SHEET THICKNESS 

, 0.0H4 

0.071 
0.09O 
0.090 


t.:- ULTIMATE ST 


1ENGTH, LBS. 


mm* 

B23 ■ • 

1058* 
1208 ' 


fm»j) ■ 

1245* 
1430 * 


131131- 




0.100 
0.12S 

0.16O 


1359* " 
r: 1853 ■ ' 
S: 2318' 


1613* 
2085' 
2885 * 


2825 
3465 * 




0.190 
0.250 
0.312 ,. 






4448 * 
5760 • 


5775* 
8093* 
10478* 


FASTENER SHEAR 


2340 


3450 


5900 


12250 



NOTES . 

:';:.1;:; Vatuaa art (or room tarnparatura uaa only. 
2. * Danotaa ultimata viIum btsad on 1.5 > ylald. 
X Vtluaa lh.1 »i. (undtrllnarf) tr. Iinll. adja 



□ii/Cf tydC 

H|¥ti 1 TPt 


LGPL2SCV Pin (F, u u 


05 kJI), 3SLC-C Collar 


SHEET MATERIAL - ' - * 


■ »,w . CLAD 2024-Y3 , ,. : 


■ RIVET DIAM, IN. 
(NOMINAL SHANK) 1 : : - .'. 


' 3/16 
(0.190) 


1/4. 

(0.250) 


. ..5/16 . - 
■' : "(0.312) .'■ 


3/8 
(0.375) ■ 


E .,i, j; .:.,»■ 


• ' ULTIMATE STRENGTH, LBS. 


SHEET THICKNESS 

o:oso.i»; iV,:,! "* ; ; 

6.063 
0.071 


1 03SJ 
1180 
'. 1395 


113501 
1630 


uzzsr 




0.080 

0.090 :■ 
0.100 


1640 
1875 " 
2070* 


1950 
2300 
2650 


2155:,:; 

2595 

3035 


(22121 
2800 
3335 


• 0.125 


2340 


3420 " 


4140 


4640 


, 0.160 
0.190 


2S55 
2694 


4000 
4355 


5460* 
6085 


6500 
7600" 


0.250 




4660 


6965 


9180 


0.312 






7290 


10270 


0.375' 








10490 


FASTENER SHEAR 


2694 


4660 


7290 


10490 




■ RIVET TYPE 


LGPL2SC-V Pin (F 5U = 


95ksl),3SLC-C Collar 


SHEET MATERIAL , 


■ ., CLAD7075-T6 


RIVET DIAM. IN. 
(NOMINAL SHANK) » ■ 


3/16 
■ 10.190) ';■'.! 


1/4 J 
(0.250) 


5/16 
(0.312) 


3/8 
(0.375) 




ULTIMATE STRENGTH, LBS. 


SHEET THICKNESS 
0.05O 
0.O53 


110401 
1370 


(17101 






0.071 
0.080 
0.090 


1575 
1805 
2060 


1980 
2280 
2615 


[23451 
2715 
3130 


3620 


0.100 


2315 


2950 


3550 


4130 


0.125 


2590 


3790 


4605 


5375 


0.160 


2694 


4430 


6070 


7150 


0.190 




4660 


6750 


8660 


0.250 

0.312 .'■ :. 






7290 


10154 . 
10490 


FASTENER SHEAR 


2694 


4660 


7290 


10490 



TABLE A37 LOCKBOLTS CSK IN ALUMINUM 



;- .. NOTES) .-vs» .VWWI." ' 

1. Valuas.ara lor room lamparalura irsa only. 

2. * Danotaa ultimata v'sluas beaad on i.5 ■ vlald. 
X Valuta that ara lundtrllnad l ara knlla adge. 



ULTIMATE STRENGTH OF 100' FLUSH SHEAR HEAD Tl 
. : LOCKBOLTS IN ALLUMINUM ALLOY I 1 ' , ■ ,v 



FASTENER TYPE 


GPL3SC-V Pin, 2SC-3C Collar (F su » 95 kll) 


SHEET MATERIAL 


CLAD 2024-T3 


J FASTENER DIAM, IN. 
(NOMINAL SHANK) 


3/16 ., ..: ;• 
(0.190) , 


1/4; : 
(0.250) 


5/16 , :,. , 
1 (0.312) S 


3/81 
(0.375) 


SHEET THICKNESS ; . 

... . , . .. ajso 

i- 0.063 .... 
0.071 


ULTIMATE ST 


BENGTH, LBS. : < 


IM'', 
• (53JJ 
•v 1255 
1455 


Ui25J 
1795 


12085} . 




0.080 
" 0.090 

! . 0.100 • ■ 


1680 
vj.. f 1845* 
1980 * 


2085 
2410 
2735 


2440 
2845 

3245 :---: - 


(2740) 
3230 
3725 


.„.,,..-. 0.125. ,,....:..:..- 

' 0.160. . 

0.190 


•231B* - 

,.„„. 2694 ... . 


• 3308 * 
3930* 
4463* 


4270 

5243 *-,., - 
5903* 


....... - <93(} 

- 6645 
7515'* 


; 0.250 
" <l 0J12 

-''..:M . -:. ., 0.375 ■". 




4660 


7230 
■ 7290 


9113* 
10490. 


.., FASTENER SHEAR 


2694 : . 


4660 


■ 7290 


10490 




FASTENER TYPE 


GPL3SC-V Pin, 2SC-3C (F, u = 95 ksl) 


SHEET MATERIAL 


CLAO70TS-T6 


FASTENER DIAM, IN. " 
(NOMINAL SHANK) 


3/16. 
(0.190) 


. . 1/4 ... 
(0.2S0) 


... 5/16. 
[0.312) 


3/8 
[0-375) 


SHEET THICKNESS 

. 0.050, 

'SS* 0.063 

o.07i •'■ ■ 

0.0B0 


: ULTIMATE ST 


1ENGTH, LBS. 


(11051 
1500 
1740 
2020 


IlSflOi 
2125 
2485 


121301 

2965 


aim 


0.090..... .. 

0.100 

0.125 


2200 
. 2355 .. 
2694 


2885 
3310 
3945 


336$ 
' ".'. 3865 
5135 


3780 
.... .4380 
5880 


0.1 60 
0.190 
0.250 




4660 


624S 
7010 
7290 


8005 
8955 
10490 


FASTENER SHEAR 


2694 


4660. 


7290 


10490 



TABLE A39 CHEEBY3UCK FASTENEHS CSK IN ALUMINUM 

ULTIMATE STRENGTH OF PROTRUDING SHEAR HEAD Tl 
"CHERRYBUCK" FASTENERS IN ALUMINUM ALLOY (1)'. 



NOTES 

1. Valuai ara lor room lamparalura usa only. 

2. * Danotas ultimata valuai baaad on 1.5 x ylald, 
X Valuai that ara (undarilnadi ara knlla adr/a. 



FASTENER TYPE 


• . CSR 925 {F M < 95 ksl) 


AMP 




SHEET MATERIAL 


CLAD 2024-T3 


FASTENER DIAMETER 


i02 


3/16 


1/4 




(NOMINAL SHANK) 


(0.164) 


_jai90! 


' (0.250) 






ULTIMATE STRENGTH, LBS. 


SHEET THICKNESS 










• •-0.0S0--V" 


807 








.^:aX...0M»^i ; ^--':-- 


— '10S0 -- - 


■ 1180- "•• 






0.071 


1150 


133S " 






0.080 .. 


1300 


150S 


1970 




0.090 - : . 


1465 


169S 


... ,2220 




0.100.- - r 


1630 


1885 


2470. 




0.125 


2007 


2360 


, 3095 




•' ! '-.-'ai60 ! ' : ;iS:;l' ■ : 




2694 


' 3975 




0.190 






4660 




FASTNENER SHEAR 


2007 


5694 


4660 




FASTENER TYPE . 






AMP 










, SHEET MATERIAL 


CLAO7075-T6 


FASTENER DIAMETER 


5V32 


3/16 


1/4 




' (NOMINAL SHANK) 


(0.164) 


. (0.190) ... 


(0^250) 




ULTIMATE STRENGTH, LBS. 


SHEET THICK 










0.050. 


995 








0.063 '.'■:■■ 


1227 


' 1442 . . , 






0.071 


1371' 


1607 






0.080 


1532 


1792 


241S 




0.090 


1711 


20O1 


2688 




0.100 


.1890 


2205 


2960 




0.125, -. 


2007 ' 


2694 


3641 




0.160' 






4595 




0.19O 






4660 




FASTENER SHEAR 


2007 


2694 


4660 



NOTES: 

1. Valuai ara lor room tompo/atura uaa only. 
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TABLE A^O ; CHERBXBUCK FASTENERS CSK :IN ALUMINUM 

ULTIMATE STRENGTH OF 100" FLUSH SHEAR HEAD Tl 
"CHERRYBUCK" FASTENERS IN ALUMINUM ALLOY (U 



FASTENER TYPE "'.'i 


" CSR924 (F w «95 ksl) 


- AMC 




SHEET MATERIAL 


CLAD 2024-T3 


FASTENER DIAMETER 
(NOMINAL SHANK) 


5/32 
(0:i«4) 


3/16 
(0.190) 


1/4 
(0.250) ' 




ULTIMATE STRENGTH, LBS. 


SHEET THICKNESS .;■ 
0.050 
0.063 
0.071 

o:oao 


737 
1019 
1152 
1260 * 


1118 
1319 
1509 


1837 


0.090 
0.100 
0.125 


1350 ■ ' 
1440 • 
1665 V 


1664 ' 

1767 • ; 

2028 •' 


2168 
2500 
2969 ■ 


0.150 
0il90 
0.250 


19B2- 


2394 \ 
2694 


3450 • 
3863 ' ' 
4660" 


FASTNENER SHEAR 


2007 


2694 


4660 


.:;: ; iV;vH ! J a :,.......,.-.:-,".''- 




'■FASTENER TYPE' 


" ! CSR 924 (Fx, o 95 ks!) 


-.'AMC 




• SHEET MATERIAL 




CLAO7075-T6 






NOMINAL DIAMETER 
(NOMINAL SHANK] 


5/32 
(0.164) 


3/16 
(0.190) 


1« 

(0.250) 




ULTIMATE STRENGTH, LBS. 


SHEET THICK 
0.050 • 
0.063 
0.071 
0.080 


941 
1207 
1385 
1557 


1393 
1588 
1779 


2281 


0.090 
0.100 ,■> 
0.12S ■' 


1775 
1876 
1950 


2050 
2263 
2542 ; ' . 


2594 

.;> 2919 i 

3755 


0.160 
0.190 
0.250 


2007 


2660 
2694 


4387 
452$ 
4660 


FASTENER SHEAR 


2O07 


2694 


4660 


.* > ... 

NOTES: 
-.1." Value* an 
1 ' Denotes 


lor room to/rip 
ultimate value* 


a. ■"' ■ ' ' 

•raturo us* only. 

bm.don1.Sxyl.ld.. 





■, ;V" . .'- ^ 

TABLE jftl HI-LOK FASTENEHS IN ALUMINUM 

ULTIMATE STRENGTH OF 100" FLUSH SHEAR HEAD Tl HI-LOK 



IN CLAD 7075-T8 ALUMINUM (1) 



FASTENER TYPE 


HL 11 PIN (F„ < 95 ksl), HL TO COLLAR; - - 


SHEET MATERIAL 


CLAD.7075-T6 


FASTENER DIAMETER 
(NOMINAL SHANK) 


, 5732 
• (0.164) 


3/16 
(0.190) 


' 1/4 
(0.25O) 


5/16 
(0.312) 


SHEET THICKNESS, IH. 
0.040 
0.050 . 
D.063 
0.071 


ULTIMATE STRENGTH, LBS. 


12211 
041 
1207 
1385 


1B3Z1 
1083 
1393 
1588 


11343) 
LUSZl: 

2012 : 


t2iiai 

2463 


0.080 
0.090 
0.100 


1557 
1775 
1876 


1779 
2050 
2263 


2281 , 

2594 

2919 


2823 
3193 
3631 


0.125 
0.160 
0.190 


1950 
2007 


2542 
2660 
2694 


3765 
3970 
4165 


4594 
5890 
6105 


0.250 
0.312 
0.375 i' 






4530 ■ 
4660 


6580 
7050 
7290 


FASTENER SHEAR 


2007 


2694 


4560 


7290 


ULTIMATE STRENGTH OF PROTfiUt 


ilNG SHEAR HEAD ALLOY STEEL 



HI-LOK IN CLAD 7075-T5 ALUMINUM H) 



FASTENER TYPE 


HL 18 PIN (Fr, » 95 ksl), HL 70 COLLAR - — 


SHEET MATERIAL 


CLAD 7075-T6 


FASTENER DIAMETER 

■ (NOMINAL SHANK] 


5/32 
(0.1641 


3/16 
(0.190) 


1/4 " ' 
: (0.250) 


5/16 
(0.312) 


SHEET THICKNESS, IN. 
0.050 v t . 
0.063 
0.071 , 
0.060 


ULTIMATE STRENGTH, LBS. 


1078 
1353 
1520 
'1718 


1559 
1776 
1957 


2593 




0.09O 
0.1OO 
0.125 


1890 
. 1930 
20O7 


2224 

2473 
2580 


2937 

3250" 

4063 


4050 
5075 


0.160 
0.190 
0.250 




2694 


4450 
4620 
4660 


6509 
6880 
7290 


FASTENER SHEAR 


2007 


2694 


4660 


7290 



NOTES: 

1. Values are lor room tamparalura use only. 

2. Values irtel are (underlined! are knlla edge. 



TABLE Al*2 HI-LOK FASTENEHS CSK IN ALUMINUM 



ULTIMATE STRENOTH OF 1 00" FLUSH SHEAR HEAD ALLOY STEEL 
HhLOKS IN CLAD 707S-T6 ALUMINUM (1)... .. .. ........ . „.,. 



FASTENER TYPE . 


KL19 PIN (F su < 95 kll), HL 70 COLLAR -- 


. SHEET MATERIAL 


CLAO707S-T6 ■ ■■ - 


FASTENER 01AMETER 
(NOMINAL SHANK) 


5/32 
(0.164) 


3/16 
(0.190) 


1/4 

(0.250) 


5/16 
(0.312) 


SHEET THICKNESS 
0.050 
0.063 
0.071 
0.080 


ULTIMATE ST 


LENGTH, LBS. 




968 . 
1251 
1400 
1595 


1408 
1606 
1B23 


2344 




O.OSQ 
0.100 
0.125 


1815 
; 1903 
2005 


2050 
2300 
2570 


2675 
3000 
3781 


3660 
4685 


0.160 ',K 

. :." o.i9o 

0.250 




2694 


4420 ' 
4625 r 
4660 


6051 
6832 
7290 


:. FASTENER SHEAR 


. 2007 


2694 


4660' - 


i 7290 



FASTENER TYPE 


HL719 PIN (Fttf. 


108 ksl), HL 79 COLLAR 






SHEET MATERIAL 






7075-T6 








FASTENER DIAMETER 


5/32 


3/16- 


, 1/4 , 


5716 r 


3/8 




(NOMINAL SHANK)' 


(0.164) 


(0.190) 


." (0.250) 


(0.3121 


(0.375) 




ULTIMATE STRENGTH, LBS. 


SHEET THICKNESS 
0.040 
0.050 
0.063 
0.071 


rT34) 
1044 
1364 
1518 


(1131) 
1565 
1620 


USUI 
2216 






0.080 


166B 


1098 


2594 


2916' 






0.090 


1764 


2193 


3015 


3532 


3724 




0.100 


1825 


2345 


3338 


4059 


4515 




0-125 


1979 


2524 


398D 


5229 


6167 




0.160 


2195 


2774 


4350 


6347 


7928 




0.190 . 




2989 


4634 


6702 


90B7 




0.250 




3062 


5200 


7412 


9985 




0.312 






5300 


. (146 


10870 




0.375 








8260 


11760 




FASTENER SHEAR 


, 2281 


3062 


53O0 


-8280 ' 


11930 



NOTES 

1. Value* are lor room temperature ue* only. 

2. Values that ar* /underlined! on knlla edge. 



TABLE Aif3 THHEADED FASTENERS CSK IN ALUMINUM 



ULTIMATE STRENGTH OF 100° FLUSH SHEAR HEAD (SS^Pft^BMO-HlgOO, 
FASTENERS IN TI-6AMV ALLOY PI 



FASTENEH TYPE 


PBF 11 (F*, = 125 ksl) 


SHEET MATERIAL 


ANNEALED TI-5AI-4V 


FASTENEH DIAMETER 
(NOMINAL SHANK) 


5/32 
(0.164) 


3/16 
(0.250) 


,. 3/8 
(0.375): 


1/2 
(0.500) 


SHEET THICKNESS, IN. 
0.040 
0.050 


ULTIMATE ST 


RENGTH.LBS. 


(15351 
1963 








0.063 
0.071 
0.080 


2528 
2640 : 


UfiSS) 
4213 
4813 


WW— 




C.09O 
0.10O 
0.125 




5438 
6140 


781B 
8775 
11264 


1U25H1 

14575 


0.160 
0.190 
0.200 






13810 

. ."* i 


19250 
23200 
24540 


FASTENER STHEHGTH 


2640 


6140 


13810. 


24540 



ULTIMATE STRENGTH OF 1 00* FLUSH HEAD ALLOY STEEL 
NAS 1620 (SERIES) FASTENERS IN CLAD 7075-TE ALUMINUM M 



FASTENEH TYPE 


NAS 1620 <F N = 95 ksl) 


SHEET MATERIAL 


CLAD 707S-T6 


FASTENER DIAMETER 


3/16 


1/4 


5/16 


3/8 


(NOMINAL SHANK) 


(C.190) 


(0.250) 


(0.312) 


0.375 




ULTIMATE STRENGTH. LBS. 


SHEET THICKNESS, IN. 
0.080 
0.090 
0.100 


USS311 
1748" 
1920' 


whl: 






. 0.125 
0.160 
0.190 


2340 • 
2690 


3195' 
3S75 • 
4590 • 


4350 ' 
5160' 


(5100) ■ 
6180 • 


0.250 
0.312 
0.375 




4650 


6675' 
7300 


8130 • 
' 9945 • 
10500 


RIVET SHEAR STRENGTH 


2690 


4650 


7300 


1050O 



ROTES: 

1. Values are lor room temperature use only. 

2. * Denotes ultimate values based on 1.5 x yield. 

3. Values thai are i underlined! are krttle «jge. 
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APPENDIX A ADDITIONAL; DESIGN, AND ANALYSIS' DATA 



. TABLE A44 SLEEVE BOLTS CSK IN ALUHIKUH 

ULTIMATE STRENGTH OF 100' REDUCED FLUSH HEAD (ALLOY STEEL 
. ; .;, r ,. . . PIN/ALUMINUM SLEEVE) IN ALUMINUM : <1m j I >« 'A 



TABLE A45 STEEL BOLT/S CHEW BENDING MOMENTS 

ULTIMATE ALLOWABLE SHANK BENDING MOMENTS FOR STEEL BOLTS 
."//,'" AND SCREWS (ROOM TEMPERATURE) 



FASTENER TYPE 


MIL-B-B831/4 (F.u « 108 k»l) 


.SHEET MATERIAL 


CLAD2024-T3 


FASTENER DIAMETER 
(NOMINAL HOLE) 


3/16 
(0.2390) 


1/4 
(0.3032) 


5/16 
(0,3695) 


3/8 . 
(0.4350) 


7/16 .- 
10.5022)' 


1/2 
(0.5735) 


n inn. ■ 

D.125 

0.180 


ULTIMATE ST 


RENGTH, I 


BS. 


"2175 
2720 
3290 


3450 
4415 


4205 
5380 


6335 


f- 

'7313 




0.190 
0.250 

0.312 ■''■■4 .. . 




5240 
5480 
5855 


6390 
7945 
8165 


7525 
9895 
. 11085 


8665 
11425 
'14260 


9920 
13050 
•■ 16285 


Q.375 - 
0.SO0 
0.625 : ' 




5670 


.8385 
' 8760 


11345 
11885 
12385 


14845 
'15445 
16C45 


19070 
19755 
20440 


0,750 ' ,J ' 
:iVS 0.875 »"!*>■ 
' " 1 1.000 








12840 


16645 
17100 


21225 
21805 
22250 


' FASTENER SHEAR 


3290 


5670 


8760 . 


12640 


17100 


22250 






FASTENER TYPE ■ 


MIL-B-6631/4 (F™ « 108 kill ; 


.SHEET MATERIAL 


- CLAD 7075-T6 v-.r,-..-'--:.; 


FASTENER DIAMETER 
(NOMINAL HOLE) 


, , '3/18 
(0.2390) 


1/4 
(0.3032) 


5/16, 
(0.3695) 


• 3/8 . , 
(0.4350) 


7/16 
ra.5d22j 


1/2 
(0.5735) 


SHEET THICKNESS 

0.10a 

0.125 


UL 


riM ATE STRENGTH. LBS. , .... 


2583 : 
3205 


4100 


5033 








0.160 

. 0.190,.. 

0.250 


3290 


5205 
5870 


6385 

7535- 

8760 


7560 
8925 
11840 


8790 
10360 
13495 


11900 
15480 


0.312 

0J7S ■ 

■=>3 0.500 : 








12395 
, 12640 


16195 
16625 
17100 


19160 
21285 
22250 


FASTENER SHEAR 


3290 


5670 


8760 


12840 


17100 


22250 



NOTES . 

1. " Vafuoo aro lor room tamporaturo u» only. 

2. - Fu(onirilniullodlnlnl4rtoronco<ov*lsal0J)O2$4J)0ain. 

3. Sm MIL-B-8831/4 lor nominal hoi* dlamatara. 



TABLE A46 i BUT AND COLLAR ALLOWABLE TENSILE .LOADS 



■ .fif j 





1 s-al 

«^ » <g *o K -J 

N <..tV,» Z X < 

x 5£ x x * * a 


ULTIMATE LOAD, LBS. 1 


ill 








fj ■ ' ."'\"3rt : i*'' ' 

« n ifl is o . 

JS! S.Sl. 

i s 2 s s 


ii 


s a a s s s 
Ml SIS 


TYPES 


K ■ 

m 

_i 

C 


i'ii' 


111 

tff « (N 


ill 


WO COLLAR 




r 1 


s's i 

(A o B 


ill 


NUT A 


,.J.g .3 

is. ea 2 z z < 

x x X& 


in 




Pi 




Z K ™ X ,; 

S-3.*5. 




88 


! 1 




i F* 3 ^ 
* u 


• i 


S i IS i § 


THREAD 

see 


MM si 


s.I.a 



■ • e . 

■ Se: 

i! 
II 

II 



•Tj 

, • a 

li 
fl 

S3 

* 3 

II: 

H 
I 1 - 



F|„KSI 


125 


160 •• 


• 160 


220 




FrvKSI 


103 


142 


163 


180 






197 


250 


294 


■.■.346 ' 




DIAMETER 
. (INCH) 


ULTIMATE ALLOWABLES SHANK BENDING MOMENT 

, ■ ;■ i(IN-LBS) - 


SECTION 
MODULUS 

(l/C) (INS) 


0.190 


133 


175 


198 ' 


; 233 


.000673 


' 0.250 


302 


397 


451 


:'S3i 


.001534 


0.312 


• 590': 


776 


881 


1040 


.002996 


■■ 0.375 . 


1020 


1340 ■ ,,. 


1520 


1790 


.00518 


, 0.438 


1620 . . 


2130 


2415 


2845 


.00822 


' 0.500 " 


' 2415 ■■>< ' 


3180 ' 


' 3605 


4245 


.01227 


0.562 


3440 


4525 


5135 


6045 


.01747 


0.625 


4720 


6210 


7045 


9295 


.02397 


0.730 


8160 


10700 


12150 • 


14330 


.04142 


0.875 


12970 


17060 


19360 


22790 


.06587 


1.000 ' 


- 19340 


25420 


28860 


33960 


.09617 



NOTES: .. 

1. * CAES atool la racomreaiidad wnon itibjaclod 10 appraelablo bonding. 

2. , Tha ui* otbolli wlthonFij 180 k«l raqiilns approval by Structural Inunrlly. 

3. Tho »» ol.bolu and acravra having 0.190 Inch dlamatar or l<» la hoi 
rocommondad for bonding applications. 
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APPENDIX B BULKHEADS , FRAMES, ARCHES AND BENTS 



Bl 



Following is an alternative analysis 
to that presented in Chapter A9. It is 
based upon the minimum energy principal 
instead of upon deflections as in Art.A9.Z 

A loaded bulkhead or frame, in a fus- 
elage for example, is supported by the 
fuselage skin panels as in Fig.Bl, which 
shows the general (but uncommon) case of 
an unsymmetrlcal bulkhead. The applied 
loads consist of the loads, Q, and the re- 
acting shear flows, q (determined by VQ/l 
and T/2A per Art.A20.3-A20.10). To deter- 
mine the internal loads in the bulkhead it 
is "cut" at the top, and the unknown inter; 
nal loads M 0 » V 0 and P 0 there are shown 
acting on the left side of the cut (on 
segment 1) in Fig.Bl(b). Opposite loads 
act on the right side of the cut (on seg- 
ment 20). Mo» Vb and Po are redundant 
loads and are positive for the directions 
shown, x and y are the moment arms for 
the forces V<j and Po respectively, posi- 
tive as shown. The bulkhead is then divi- 
ded into a large number, N, of segments of 
length As, at least twenty. The segments 
are usually of the same length. 




I -2A 

I.I iw 

Fig.Bl Unsymmetrlcal Frame Analysis Data 
The bending moment in each segment, n, Is 
Mn = MQn + M 1n + M o + V 0 x n + P 0 y n U) 

Where M n is at the center of the segment. 
The moment of the shear flows, q, about 
each segment's center is calculated as 
shown on p.A19.19. Positive moments pro- 
duce compression in the segments outer' 
flange. The bending energy in each seg- 
ment will be 

. U n = M2AS n /2E n In 
and the total energy in the frame will be 



n «iY 



AS 



o - T m b + if + v * + p j r — — 

n » 1 ™ ij it 



; (2) 



where M Q (qri is M Qn + Mq n . 

* Bulkheads are relatively highly loaded and sturdy frames. 
For Tery light frames also see Fig. C9. 13a. 



The values of H 0 t V 0 and P Q must be 
such that U is a minimum. Therefore 



»M 



— - = 0 



Differentiating (2) as indicated yields 
the three simultaneous equations 



n - S tS H 



It Ft 



■ * N 4St 

J,- 1 « » » 

n ■ l " » 



(3) 
(4) 
(5) 



All terms in the equations are known ex- 
cept the redundants and these are found by 
solving the three eqyatlons. The final 
values of M at the center of each segment 
are then calculated using Eq.(l). 

The analysis is most easily carried 
out by using a tabular form (Table Bl ) , 
and this is illustrated for the bulkhead 
shown in Fig,B2, The values of MQ f q n , 
^S/Enlm x and y for the bulkhead are 
shown in Columns 3» 2, 4, and 5 respect- 
ively of Table Bl. The final bending mom- 
ents are shown in Col. 14. The values of 
V and P at the center of the segments 
would be calculated as noted in Col. 16 
and 15 of Table Bl (by statics). 



22,500 lbs 



All shear flows 
are In Ibs/ln 




Fig.B2 Unsymmetrlcal Frame Analysis Data 
Symmetrical Frame and Symmetrical Loads 



For this case, due to symmetry, V Q = 0 
so only Eq.(3')and (5) apply, and it Is only 
necessary to use ones-half of 'the frame. 
This procedure is illustrated for the frame 
of Flg.B2 assuming that its right side is 
the same as its left side. Table B2 shows 



B2 



APPENDIX B BULKHEADS, FRAMES, ARCHES AND BENTS 



Table Bl 'Unsymmetrlcal Frame Analysis 



© 



© 



© 



© ® 



© 



© 



© 



© 



@ 



& 



® 



9*1 m«nt 



AS'EI 



Loin 



M,„A9 



El. 
©»© 



Et 

©»© 



fiSy 
r ET' 
©»© 



Mq,„ASi 
El 

©«® 



©'©' 



48iy 
Kl 

©»©*© 



. Kl - 
©*@ 



A5y» r . 
El ; 
®'©' 



* Pi'* ®" 



Atial 
U>ad 



Shear 
I-ond 



1 
2 
3 
4 
5 
E 
7 
8 
9 
10 
II 
12 
13 
14 
i IS 
16 
17 
IB 
■9, 

■■jo- 



.900 
.900 
.900 
.900 
.900 
9(HI 
,900 
.900 
.900 
.900 
1 154 
I 59B 

1 864 

2 130 

;,z:30S', 

2 3118 
2.ISO ■ 
I 86+ 
1.698 
i 164 ' 



0 

2,700 
70,900 
131,200. 
177,600 
209.200. 
260,300 
269,700 
250,800 
240,300 
240,300 
248,100 
246.400 
231,100 

191:100 

157,100 
109.600 
' 75,100 
4,600 

0 '" 



3.0 
B.S 
12.5 
1 4.9 
I5.B 
16.8 
14.9 
12.5 
8.8 
3.0 
-3.6 
-8.2 

-lie 

-13.4 
-14 3 
-14.3 
-13.4 
-11.6 
-8.2 
-3.0 



.7 

3.9 
9.0 
14.7 
20.S. 
26.6 
33.1 
38.4 
43.2 
46.1 
46.0 
43.0 
36.3 
33.2 
26.6 
20.6 
14.8 
. 9.1 
3.9 
.7 



0 ,. 

2,430 
63,810 
124,381 
169,841 
198,280 
225,270 
233,730 
226,720 
216,270 
277,306 
396,464 
459,290 
492,243 
441,069 
382,686 
233.236 
141,105 

7,351 
0. 



' 2.70 
7.92 
11.26 
13.41 
14.22 
14.22 
13.41 
11.25 
7.92 
2.70 
-3.46 
-13.10 
-21.62 
-28.54 
-33.00 
-33.00 
-28.54 
-21.62 
-13.10 
' -3.46 



.63 
3.51 
6, ID 
13.23 
18.46 
23.94 
29.79 
34.56 
38.88 
41.49 
53.08 
68.71 
71.39 
70.72 
61.39 
47.31 
31.52 
16.90 
6.23 
.Bl 



6x4 : 

0 ' 
21,364 
797.62S 
1,853,262 
2,526,472 
2,974,824 
3,356,623 
2,921,625 
1,986,335- 
648.81D 
-831,918 
-3,251,005 
-6,327,764 
-6,596,056 
-6,307,143 
-5, 161.930 
-3,125,349 
-1,636,818 
-00,278 
~D» 



BIO 

69.70 
140.63 ' 
; 199.80 
' 224.68 

> 199.B1 
140.63 

69.70 
E.1D 

10.38 
107.45 
250,82 
3B2.46 
471.96 
471.98 
362.46 
260.82 
107.46 

10.38 



.J::! ' ;■ '": 
1.89. 
30.89 
'101.25 
j 197.13., 
291.61 
378.25 
443.B7 
432:00 
342.14 
124.47 
-159.25 
-563.45 
-828.14 
-941.69 
-877.92 
-676.59 
-422;42 
. -196.76 
-61.10 
' -2.42 



0 

9,477 
:.. 614,290 
1,828,386, 
3,276,720 
5,D08,24fl 
7,466,437 
B.975.232 
9,751.104 
9,910,047 
12,756,016 
17,047,952 
17.590,807 
16,342,468 
11,732,169 
7,433,013 
3,451,878 
1,284.056 



.. .44 
' 13.69 
72.90 
194.48 
378.23 
636 Bl 
986.06 
1,327.1 
1 ,679.6 
1,912.7 
2,441.9 
2,954.7 
2.734.3 
2,347.8 
,1,633.0 
989.9 
: 466,5 
154.3 
24.3 



-21,649 . 
-38,854. 
' -1,516 
31,665 , 
36/384 
31,763 
34,406 
12,708 
-24.11B 
-50.934 
-49,406 
-22,981 
3,757 
19,021 
18,362 
20,574 
6,680 
6.446. 
-34.306 ' 
-20,114 ■ 



Thin 1:1 the 
compo- 
nent 

purullcl lo 
the 

ncuirul 

uxisufthc 

vector 

sum Df ull 

louds from 
Ihe "cul" 
lo the 
segment 
center, 
Including 
H.and V.. 



Some Hi 
for the 
uxlal loud 
but using 
the 

compo- 
nent 

norniel lu 
ihe 

neutral 
uxiaHlthi: 
scgnwnl 
center. 



£ = 27.106 
• When AS or E «? 1 1« eomlanl ever Ihe 



r © +M.t ©*:v.s © + p.t ® =0 
£ © iWt@*v @ + P.S © -0 

£ @ +M.E ©+ v.r @ + F.Z ©>0 



L = 4,260.369 -100,44 640.1 ' -15.235^50 mj~U ^382,2 134.517.029 20.929.3 
fame it cent)* considered te-be unity for Column © . F»r Uilj example E end AS are constant end are taken us being U!. 



' Solve for M.fV. fc P, 



M. = -17025 
V,=-1B5.S 
P, = -593S 



Table B2. Symmetrical. Frame with Symmetrical Applied Loads 



© 


. ® 


® 


© 


: ® : 


® 


,- © ' 


/ ® 


© 


® 


© 


Segment 


. as; 


; Mo.,, 






4Sy 


•• Mcj^A9y 


ASyl 


M flail ' 


Axial" 


i Shear 




EI 


r 


eT 


"ET 


EI 


Bl 


D+ M. + P.«(5> 


Load 


Load 




Given 


Given 


Given 


®*® 


®*® 


®«® 


®l®« 








1 




0 


• i! .7 


0 


.7 


; 0 


0 


-24,907 


This is the 


Same as for 


4 


. 1"'' 


2,700 


3.9 


2,700 


3.9 


11,000 


15.2 


-41,063 


component, 1 ! 


the axial toad 


3 


. 1 


70,900 


-S 9.0 


70,900 


? s\o 


638,000 


81.0 


-2,197 


parallel to 


but, using the 


4 


V- 1" 


1 138.200 


14.7 


138,200 


14.7 1 


2,032,000 


.216.1 


30.794 


the neutral 


component 


" 5 


, 1 


177,600 


20.5 . 


177,600 


20.5 


3,641,000 


420.3 


38,016 


exisof the 


normaLto the 


'ft " 


! ' 1 


\ 209,200 


26.6 


209,200 


26.6 


5,565,000 


' 707.6 


31,670 


vector sum of 


neutral axis 


■ 7 ■'. 


1 


250,300 


33.1 > 


250,300 


33.1 


B,2B5,000 


1,096.6 


34,446 • 


ell loads from 


at the 


a 


1 


259,700 


38.4' 


' 259,200 


38.4 


9,972.000 


1.474.6 


12,634 


the "cul" to 




9 


1 


260, BOO 


43.2 


260,600 


43.2 


10,935,000 


1,666.2 


-24,661 


the segment 


center. 


10 




240,300 


46.1 


240,300 


46.1 


11,078.000 


2.105.2 


-52,140 


center, 






















including P„. 






2 — 10 




E = 


1,599,700 


236.2 


52,051,000 


8,001.8 









©+p,s ® >e i 
®+p.i ® =0 J 



E © +M.E © + P.S (s) > 
I ® +M.E 



1,599,700 4- 10M, + 236.2P, =0 



-20,762 P. = -6,892.8 



the calculations for the left side. The 
loads on the right side are the same as for 
the left, because, of symmetry, e.g. , seg- 
ment 11 same as 10, 12 same as 9 etc. The 
two simultaneous equations for Mo and Po 
are 



62,057,00D + 236.2 M„ + 8,001 P, 

Symmetrical Frame and Unsymmetrioal Loads 



n = N 
a ■ 1 



AS 



_ • + M + P y ) — 2-»n 
9 n n 



2 tM^ +M„+ P^... 



These are obtained from Eq. (2) (with V o =0) 
by differentiating it with respect to M D 
and to P 0 . 



This case could be analyzed as was ' 
done for Fig. B2, using .Table Bl, but an 
easier procedure Is as follows, which uses 
only one-half of the frame (segments 1-10). 

An unsymmetrlcal loading can be re- 
solved into a symmetrical loading and an 
ant 1 symmetrical one, as shown in Flg.B3. 
An antlsymmetrical loading is one which 
when rotated 180° and the load directions 
.reversed will give the original loading. 
The final internal loads are found by de- 
termining those due to the antlsymmetrical 
and then adding these to those due to the 
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15,000 lbs 


110,000 lb! 


22.500 


22,500 


12,500 


12.500 
















I.I (bf 

Flg.B3 Resolving Unsymmetrlcal Loads 
Fig.B3 Resolving Unsymmetrlcal Loads 




symmetrical ones. The antisymmetrical 
loads will add to the symmetrical ones on 
one half of the frame and subtract from 
those on the other half, to give the final 
Internal loads. 

To illustrate this procedure assume 
that the frame in Fig.B3 is the same as 
that in the previous example (in. Table B2 ) 
The symmetrical loads will be the same as 
in Table B2, Those due to the .ant 1 symmet- 
rical loading are found as follows. Due to 
geometric symmetry and loading asymmetry 
M 0 and Po are zero, so the only redundant 
is V 0 , Therefore, 'the only equation is 
Eq.CO with Mo = 0 and Po = 0, or 
•n=N 

J^WQn + Mq n + v ox n ) ASnin/Enln - 0-fs) 
This is solved for V 0> and the final anti- 
symmetrical loads are obtained for each 
segment by' using the terms in the paren- 
theses of Eq.{6). These antisymmetrical 



loads are determined as shown in Table B3. 
The final internal bending moments are 
shown in Table B^, Col. 8. It is seen that 
the asymmetrical loads add to the symmet- 
rical ones on the left side and subtract 
from them on the right side, 

Two-Lobe Frame 

Such a frame is shown in FigrB^. 
For an unsymmetrlcal frame there are' six 
redundants as shown, hence there would be 
six simultaneous equations, derived in the 
same manner as was done for the previous 
bulkhead. Aside from this the procedure 
is the same as before. For the more com- 
mon symmetrical frame V 0 and V a are zero, 
so there would be only four equations 
for a' symmetrical loading involving M 0 , 
P 0 . M a and P a . For an asymmetrical load- 
ing there would be only two simultaneous 
equations involving V 0 and V a , since M Q f 



Table B3 Symmetrical Frame with Antisymmetrical Applied Loads 



© 


© 


© 


® 


© 


© 


© 


© 


© 


Seg- 
ment 


AS 


M <J.Q 


z 


M q , q ASx 


ASx» 


Mflnal 


Axial 
Load 


Shear 
Load 




EI 
Data 


Data 


Data 


EI 

©x(3)*<4) 


EI 
®'<& 


® + V„ x0 






1 
2 
3 
4 

5 
6 
7 
8 
9 
10 




445 
1,197 
37,509 
70,851 
85,916 
94,598 
99,671 
85,216 
52,122 
6,539 


3.0 
8.8 
12.5 
14.9 
15.8 
15.8 
14.9 
12.5 
8.8 
3.0 


1,300 
10,500 
468,900 
1,055.700 
1,357.500 
1,494,600 
1.485,100 
1,065,200 
458,700 
19.600 


9.0 
77.4 
156.3 
222.0 
249.6 
249.6 
222.0 
156.3 
77.4 
9.0 


-15,131 
-44,493 
-27,391 
-6,510 
3,882 
12,564 
22,310 
20,316 
6.432 
-9.037 


This is the 
component 
parallel to the 
neutral axis of 
the vector sum of 
all loads from the 
"cut" to the 
segment center, 
including V,. 


Same as for the 
axial load but 
using the 
component 
normal to the 
neutral axis at 
the segment 
center. 



£ 7,417.100 1.428.6 
E(D+V„E© =0 7,417,100 + 1,428.6 V. =0 V, --5,192 
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Table B4 Symmetrical Frame .with Unsymmetrical Applied Loads 





vy 


(a) 


(T) 






(7) 




(?) 




Seg- 




Axial Jym 


Sheur, yH 




Axial aByH 


Shear liy(P 






Shear un , r „ 


ment 












lbs 




lbs 






in -lbs 


lb> 


Ibi 


In -lbs 


lbs 


in -lbs 


lbs 




V 


■ . ■ 


* 


•« 


*• 


** 


©+® 


(3) + © 


© + © 


<■ I 


-24,907 


This is the conv.; 


Same as fur the 


-15,131 


This U the ■ 


Same as for 


-40.038 


This is the coin' 


Sums aa for the 


2 


-1 1.063 


ponent parallel' 


axial load but 


^14,493 


component '■< 


the axial i 


-85.556 


ponent parallel 


axial Load but 


3 


-2,197 


to the neutral f 


using the compo- 


-27,391 


parallel to ~? 


load but 


-29,588 


to the neutral - 


wring the compo- 


4 


30,794 


axis of the vector 


nent normal to 


-6,510 


the neutral i 


using! the' 


24,284 


axis of the vector 


nent normal to 


B ; 


36.016 


sum of all loads 


the neutral axis 


3,882 


axis of the , 


component 


38,898 


sum of all loads' 


the neutrulaxis 


6 


31.670 


from the "cut" to 


at the segment 


12,664 


vector sum of 


normal to 


44.234 


from the M cut M to 


at the segment 


7 


34.466 


the segment / 


center. 


22,310 


all loads 


the neutral 


. 56,776 


the segment 


center. 


8 


1 2,634 


center, including 




20,316 


from the 


axig at the 


32.950 


cenLer, including 




9 


-24,651 


n 

P„. 






"cut** to the 


segment 


1 ft 1 1 0 
— 1 0,1 It* 


r„ ana v w « 




10 


-52,140 






-9.037 


segment 


center. 


-*1.177 






11 


-52,140' 




i 


9.037 


center, 




-43.103 






12 


-24,551 






-6,432 


including V p . 




-30,983 






13 


12,634 






-20,316 






-7,682 






14 


34,466 






-22,310 






12.156 






15 


31.B7U 






-12,564 






19,106 






16 


36.016 






-3,882 






32,134 






17 


30.794 






6.510 






37.304 






IB 


-2.197 






27,391 






26,194 






19 


-41,063 






44,493 






3.430' 






20 


-24,907 






15,131 






-9,7.76 , 







P 0 , M a and P a are zero. If the cross-beam 
were pinned at its .ends Ma arid V a -would be 
zero, s'd the above six equations would be- 
come only four V the four equations would 
become only" three and the two equations 
would become only one, 

Calculations and Data 

In all of the 1 ' preceding calculation 
tables (and also in Table A9. 5, Col. 8) the 
most laborious effort is calculating the ; 
values of the applicable shear flow mom- 
ents , Hq, and of the concentrated applied 
loads. Mo, about each segment's center. 
This", is' done starting with segment one and 
proceeding counterclockwise (Mq can be cal- 
culated per p.A19.19 or per p.A9.12). Once 
the'se moments are calculated and entered in 
Col3 the remaining calculations are' routine 
so they can also be programmed for calcu- 
lation by computer or suitable calculators. 
In Col, 3 and elsewhere positive moments 
produce compression in the outer flange. 
Positive values of x and y and of M 0 , V c 
and P 0 are as shown in Fig.Bl, . 



Inner Flange Lateral Supports 

Unlike the outer flanges, the inner 
flange of a frame is.. not 'usually supported 
against buckling by . skin panels. There-r 
fore. lateral supportsjof some type are 
needed when, the? flange compressive .loads 
are significant. The support spacing must 
be" such 'that lateral buckling will not oc- 
cur.' /The supports 1 are . usually tubes , .. 
Struts) or intercpstais . as In. Fig. B5 , 



Outer Skin 



Frames with Inner ' 
Flanges Stabilized 
Against Qut-ol-Plane 
Buckling Using Axial ■ 
Members (Tubes) and 
Fittings or Intercostals. 
; Flange Must be Attached 
to Supporting Member In 
Stilt Manner. 





Two-Lobe Frame 
(a) 




Redundant Loads 
(b) 



Fig.Bir Two-Lobe Frame 



Fig.B5 Inner Flange Lateral Supports 

Circular Frames of Uniform EI 

When these are supported by skin pan- 
els as in previous analyses, data is av- 
ailable lh fief .15 of p.A21 for a more di- 
rect solution ".('using the "Wise Coeffic- 
ients", from Jour, Aero Sciences, Sept.' 39) 
The data can also be used when any self- 
equilibrating loads (no supporting skins) 
are present, by superposition of the ap- 
plied and. reacting, load .cases. The data is 
of graphical form, giving the internal mo- 
ments, axial and shear loads for applied 
normal,' tangential and moment loadings. 
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Accuracy of Analyses 

Since the previous analyses do not 
Include the stiffnesses of the structure 
adjacent to the bulkheads (skin panels, 
stringers and adjacent frames) the results 
are approximate and usually conservative 
for the bulkhead, but unconservatlve for 
the other structure. A discussion of this 
with examples is available In "The Analy- 
sis of Structures", N.J.Hoff, John Wiley 
and Sons. A more accurate analysis re- 
quires an Involved finite element analysis 
which model s all of the structure. How- 
ever, the previous analyses are commonly 
used, and the results can also be used to 
size the frame for a finite element model. 

Arches 

Arches are beams with significant 
curvature, as in Fig,B6. They can be an~ 
alyzed In the same manner as previously 
illustrated for frames. The internal 
loads depend upon the end fixities, so the 
analyses are as follows. Also see Art. 

A13.11a 

Both Ends Fixed 

This case is shown in Fig.B6, the re- 
dundants being taken at the right end, 0. 
The apnlied loads, Q, can be in any direc- 
tion. The arch is like a half -frame. The 
internal loads are determined In Table B5. 
The segment EI values may be uniform or 
varied. Table B5 is the same as Table B2 
exceDt that x and y are interchanged since 
the arch is shown in a horizontal position, 
and there are no shear flows, q.. 



For a symmetrical arch, loads, react ions and 
an even number of segments only £ of the 
urch is needed for the analysis with segment 
5 fixed at Its left end. P 0 = 2Qy/2 so only 
che first 2 equations are used with the Po ^ 
terms omitted. Loads in 6-10 are same as 5-1; 



5,000 lbs 




Fig.B6 Arch with Both Ends Fixed 

One End Fixed and One End Pinned. 

This is as shown in Flg.B7, there be- 
ing only the two re dundants V 0 and Po at 
the right end, so only two simultaneous 
equations are involved. These are 



s @ +v 0 r © +p a s (J7) =6 



Therefore, Table B5 would be used except 
that Co l. 7 and 8 and their sums are elim- 

*.)flth pinned ends K o =0, so only the flr3t equation 
applies with the Po and Mq terms omitted. 



Table B5 Arch with Both Ends Fixed 



® 



® 



® 



© 



® 



® 



© 



® 



® 



© 



rornl 



AS* 
EI 
I 

]b-ln 



A3 

M *iT 

®>® 



AS 
— i 
El 

©*® 



El * 

@»® 



AS 
Mq — i 
El 

©■® 



— it 
El 

©*©' 



El 

®»®»® 



AS 
®«® 



EI 

D«®- 



■» p.-® 



Aelal 



Shear 
Loud 



1.0 
1.0 
1.0 
1.0 

i.o 

l.o 

10 
10 

1.0 
1.0 



0 

25.000 
49.000 

0 

-61,000 
-1 35.000 
-212.000 
-321,000 
-422,(00 



.7 
3.9 
9.0 
14.7 
20.9 
26.6 
33.1 
36.4 
43.2 
46.1 



125 
■ 4.9 
ISO 

15.6 
14.9 
12 5 



0 
0 

25,000 
49.000 
0 

-61,000 
-135,000 
-2I2.O0O 
-321,000 
-422.500 



.7 
3.9 
9.0 
14.7 
20.5 
26.6 
33.1 
38.4 
43.2 
46.1 



3.0 

a. s 

12.5 
14.9 

15.8 
15 8 
14.9 
12.5 
8.8 
. 3.0 



0 
0 

225,000 
720,300 
0 

-1,622,600 
-(,468.600 
-8, 140,800 
-13.B67.2O0 
-19,477,250 



.49 
15.21 
B1.0 
218.09 
420.25 
707.66 
1,095.61 
1.474.66 
I.BSC 21 
2,125.21 



2.1 
34.32 
1 12.50 
219.03 
323.90 
420.29 
493.19 
480.00 
380.16 
138.30 



312,500 
730,100 
0 

-953,800 
-2,011,500 
-2,850,000 
-2,874,800 
-1.267,500 



9.0 
77.44 
156.25 
222.01 
249.64 
249.64 
222.01 
156.25 
77.44 
9.0 



24,606 
-32.829 
-17.669 
20,937 
9.552 
2.078 
-1,607 
3.310 
-8.890 
641 



Thin in Ihc 
compo- 
nent 

paruhcl to 
the neu- 
tral axil 
of Ihc 



lum of all 
load, fro™ 
the "cut" 
lo the seg- 
ment 
center, 
including 
P.jnd V,. 



Sumcu* 
Lot the 
■xinl limd 
buLuaintj 
the on i 
puncnl 
norm*. In 
IheniMJ- 
Irul nail 
-11 fit 
■tegmenl 
cLnttr 



£ = 1,071.500 206.2 110.0 -46,631,050 B.002.22 2.603.8 
• Wh«n ASor Ear I U cornUnlcver the frame il can be wnaidenKt to bo unity for column (2) . Per Lhli tuxnp.e alt of then* are 
E© + M.S ®+ V.J.<e) © 55 ° H. = 62,787 

t @ +M.£ ®+ V.£ @ +P.E © -0 Y„» -14,754 

E (?) + ® + V,E @ + P.E © =0 P. = 8,774.8 



-B.675.00Q 1.428.7 
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F1B..B7 Arch, One End Fixed, One Pinned 

inated, the sum of Col. 6 is not needed, Mo 
is zero and only the above two equations 
are: used to determine Vb and Po. 
Proceeding as in the above manner the fin- 
al internal loads are as shown in Table B6 

Table b6 One End Fixed and One End, Pinned 



Segment 


M. 


Axial 


Shear 




G)+ v.*® 




Load 

; ■'!.;" i. .-• . ' . 








.;• ■■ \ j hi ' ■ 


1 


-26.901 


This is the component 


Same as for trie axial 


2 


-61,435 


parallel to the neutral 


load but using the 


3 


-29.S19 


axis nf the vector sum 


component normal to 


4 


21,602 


of all loads from the 


the neutral axis at the 


5 


17,433 


"cut* to the segment 


segment center. 


6 


14.160 


center, including P 0 




7 


11,730 


andV,. 




8 


■■'■■! 11.707 


■ :' 1 




9 


-10.S19 






to 


-19.759 







One End' "Fixed and One' End on Rollers 

For this; case., Fig.B8, there is only 
the redundant Po at the right end, so the 
only minimum energy equation is, referring 
to Table B?, . 

2© +p„r© =o 



Fig. B8 Arch, One End Fixed, One- Rollers 

The final loads are determined using 
Table B?. 

Both Ends Pinned 



This case is shown in Fig* B°, Since Vo 
passes through point A,- Prjcarvbe calcul- 
ated directly as P 0 -= j £Ma' ^ ! leaving V p as 
the' only redundant. It., is de'te'rmined "f rom 
the minimum energy equation, 'referring to 
Table B8 , 

£ © + v 0 r © =o 

The final internal loads are "determined 
using Table B8, ! f as- shown, 



5,000 lbs 




10,000 lbs 



10,000 lbs 




it ' ' " ■ ' 



Fig.B9 Arch with Both Ends Pinned 
Table B? Arch with One End Fixed and One on Rollers 
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©:, 




©;; 


:: ® 


.©. 


© 


: © . 


: ©.,. 


Seg- 


AS 


M, 


X 


M q 


4S,x« 




Axial V 


Shear 


ment 


EI 






EI 


EI 


© + P.X®. 


Load. " _ ; 


Load : 




Data 


Data 


Data 


©*®x© 


©*©' 








1 


1.0 


0 


.7 


0 


•s- 


' 4,078 ■ 


This is the compo- 


Same as for the 


2 


IJB 


0 


3.9 


0 




22,125 


nent parallel to the 


axial load but 


3 


1.0 


25,000 


9.0 


225,000 


81.0 


77,443 


neutral axis of the 


using the compo- 


4 


1.0 


49,000 


14.7 


720,000 


216.1 


. ■ 134,657 


vector sum of all 


nent normal to 


' 5 


1.0 


0 


20.5 


0 


420.3 


119,153 


loads from the "cut" 


the neutral axis 


6 


1.0 


-61,000 


26.6 


-1,622,600 


707.6 


93,998 


to the segment 


at the segment 


7 


1.0 


-135,000 


33.1 


-4,468, SOO 


1,095.6 


S7.B74 


center, including 


center. 


8 


1.0 


-212,000 


38.4 


-8,140,800 


1,474.6 


11,757 


«■--,; „...,',■ 




9 


1.0 


-3'Ji />aa • 


43.2 


-13,867,200 


1,866.2 


-69,214 ■ 




10 


1.0 


-422, S00 


46.1 


-19,471,250 


2,125.2 


' -153,875 . 












2 = 


-46,631,050 






3) = 0 P„ = s,827 lbs 
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Table B8 Arch with Both Ends Pinned 
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© 


© 


© 




© 


© 


© 


© 


Seg- 


AS 


— c 


y 




&Sy ! 




Axial 


Shear 


ment 


— 






EI 


r- 

CI 


(S) + v. i(7) 


Load 


Load 




Data 


Data 


Data 


©*©*© 










1 

2 

3 
h 


1.0 
1.0 
1.0 
1.0 


6,940 
i 38, 699' 
114,235 
194,751 


3.0 
a. b 

12.5 
14.9 


20,620 
• 340,551 
1,427,938 
2,901,790 


9.0 
77. ' 
156.3 
222.0 ■ 


-29;057 
-66,892 
-3,575 
15,966 


This is the compo- 
nent parallel to the 
neutral axis of the 
vector sum of alt 


Same as for the 
axial load but 
using the compo- 
nent normal to 


5 


1.0 


203,258 


15.8 


3,211,476 


»9.6 


13,764 ' 


loads from the "cut" 


the neutral Bii5 


6 


1.0. 


202,739 


15.B 


; 3,203,276 


2U-9.6 


13,155 


to the segment 


at the segment 


7 


1.0 


193,187 


10.9 


: 2,878,486 


222.0 


14,402 


center, including P„ 


center. 


8 


1.0 


168,736 


12.5 


: 2,109,200 


15S. 3 


1B,749 


and V,. 




9 


U0 


107,328 ( 


8.8 


944,486 


77.1* 


1,737 






10 


1.0 


34,582 ' 


3.0 


103,746 


9.0 


-1,415 







* MQ + HPo 



E =.17.141,765 1.42S.6 E©+V,I©=0 V. = -1 1 , 999 lbs 



One End Pinned and One End on Rollers 

This case is statically determinate 
since P 0 = SMjo/L, so the moments at all 
segments can be calculated directly. For 
the previous applied loads 

P 0 = ^66,000/4? - 9f9l5 lbs 
which is the same as for the previous case 

Bents* 

Examples of these are shown in 

Fig. B10. The same dlscussionr and tables ■ 

presented for arches also apply for these. 



ted : 




Fig. B10 Bents' 



The discussions and calculation 
tables for arches and bents enable one to 
quickly proceed with the determination of 
their Internal loads. All one needs to do 
is to enter the applicable data in Col.l 
through k (or 5) and then carry out the 
calculations as indicated in the tables. 
The same also applies for bulkheads and 
frames. Stress analyses can then be per- 
formed for the structures. 

Accuracy of Analyses 

For the usual "sturdy" arches (and 
bents) the calculated^ final ""bending mom- 
ents are suitable for engineering design 
purpose s, even though they are not "exact", 

» Does not account forsidesway effects, see Axt.AH.il and the 
reference below. Fpr axial load effect! and buckling of bents, 
see Engineering Column Analysis by W.F.MeComba, published by 
Datatec.2106 Siesta Dr., Dallas, Tx 75224. 



since the effects of curvature of the arch 
were not considered. There is no analytic*/ 
way to include these effects*'*; The fol- 
lowing successive approximation procedure 
can be used to see If deflections matter, 

1) Use the final bending moments from the 
arch analysis as the moments in Table C3„ 3 
and calculate the deflections. These mom- 
ents are at the segment centers . but they 
must be at the segment ends in Table C3. 3. 
Therefore, plot the moments versus dist- 
ance along the arch, draw a curve through 
them and then obtain the moments at the 
ends of the segments for Table C3.3r. 

2) The calculated deflections are at the 
segment ends, so they must be found at the 
segment centers In the manner described 
above. The deflections are normal to the 
arch neutral axis, positive deflections 
being outward (or "up"). This gives a new 
shape for the arch and the applied load 
locations. Recalculate the arches final 
moments for this new geometry. If they 
are not significantly different from the 
original ones they are used for design 
purposes. 

3) If the recalculated final moments are 
significantly different, success lvely re- 
peat (1) and (2) until they are not so/ 

It is for relatively long and slender 
arches that the deflections are most like- 
ly to be significant. The following rough 
guide can be used to see if a deflection 
analysis is needed (see "Advanced Struct- 
ural Analysis", Borg & Gennaro.D. Van No st- 
rand Go,). Calculate the following factor, 
F. If F is less than 3 a deflection an- 
alysis Is probably necessary r 

F = CPcr/P 



* Successively increasing deflections indicate instability 
»• Ignoring curvature results in an error of about k%. 



B8 
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P cr Is the buckling load assuming the arch 
to be a pin-ended column' Whose 'length" is 
the arc length "of the arch. : For pinned 
ends C = ^ and for fixed ends C = 8. For 
a uniform EI Per = tt-'ei/L? For a non-uni- 
form El Per is per Art.C2.6a - C2;6b. P 
Is the average compressive load in the aiph 

Carrying out (1) above for the pin- 
ended arch of Flg.B9 and Table B&, where 
AS is 6.1" and. L is 6l".', assuming 21 is 

16 x 1(T th^^dejr^ct'i'op'C'^l!'^ 6 segmerit 
centers (using, Table C3 . 3 ) are found to be 



Seg. 
Def. 



1 2 3 k 5 6 7 1 S 9 10 
08 .22 .15 .05 -.06 -.13 -.16 -.16 -.10 -.03 



These deflections are so small that they 
would cause a very minor change in the 
arches shape, and Its resulting effects on 
the final moments would be inconsequential 
If (2) were carried out (the arch in Fig, 
B9 is therefore a "sturdy" one). Also, 
for this case F Is much larger than 3 • 
which' indicates no deflection analysis is 
needed" (as the deflection calculations al- 
so showed )v' •; 

Buckling of Arches and Bents* 

Some arches and bents and their ap- 
plied loadings are such: that no- bending is 
present, but there is considerable -axial , 
stress;?' For such cases the- allowable 
loading is the s buckling load for the ; mem- 
ber. When there is also some bending pre- 
sent it is -jnagnlfied by the n ^beam-column ' 
effect" , ;:■ The buckling normally occurs as 
a "sidesway", as shown for two typical , 
cases In Fig. Bll, (a) being a circular 
arch and (b) being a bent, t«'-".- 
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Fig. Bll Buckling of an Arch and a Bent 

The buckling of arches and bents is 
discussed in the book of Art. Al8. 27a.*"* For 
a few cases such as the following, the 
critical value of the loading can be de- 
termined; by formulas and related data. 

wor = CEI/H J 

where' C is 
per the text 
items (I'M 3-) 



Fig.B12 Uniform Circular Arch and Uniform 
. , . Radial Distributed . Loading ■;. '■■ '■."'■> 

* Por additional discussions and ether oases see Theorr of,, 
Elastic Stability*. Tlaoahanke andCere, HoCraa-Blll Beak Co, 
To detect Instability (p.B? footnote) thara salt be sea* non»r»- 
aatry In the arch or In tha load. If not, add a aamll lateral 
load, about if of tha total lead, at tha sentar of tha arch. 




1) For pinned ends C = (Tr/*T) -1.0 

2) For fixed, ends C = k 5 - 1,0 where k 
Is the value satisfying the equation 

ktan<* cotk* = 1.0 

3) For fixed ends or pinned ends having a 
center pln.C is obtained, from Table B9, 





11 - 1 c. 


Elted Ends 


Pinned Ends 


15. 
JO 
>*5 
60 
75 
?o 


■■ 162 ^ 
- 1*0.2 ■-■ 
17.*' 
10.2- 

■ . tilt 


106 
27,6 
12.0 
6.75 
t.32 
3.30 



For a 'uniform parabolic aroh and loading 
as in 1 Pig.B13 : 

= CEI/L J where 
Table B10 



w cr 

is per 



Flg.B13 



h/L 


. 1 




No Pins 




2 Pins 




.1 


60.7 




28.5 


22.5 


.2 


101. 




<*5.5 


39.6 


.3 


115 


3 

96 


W.J 


56.5 


.i* 


111 


1*3.9 




.5 


97 A . 


91 


38.1* 


3:? 


.6 


83.8 


80 ,. 


,30.5 


30.5 


,8 


59.1 


... 59.1 


. 20.0 


20.0 


1.0 


1*3,7 


1*3.7 


11*. 1 


ll*.l 



For a catenary arch 



Vn . 


e 




i Plied Ends •> 


; Pinned Ends 


.1 
.2 
.3 
.£ 
.t 
1.0 


5?.* 
96 A 
■ 112 . 
92,3 
BO. 7 
27. B 


• 28. t, 
1*3.2 
1*1.9 
35.1* 
27.1*, 
7.06 



» Snree load and formula as In Flf,B13 

For a very shallow arch . Fig.Bl4, buck- 
ling can occur as a "snap -through" move- 
ment as shown by the broken "Tine and Is 
due to ! shortening" -caused" by compression. 




Flg.Bl^ Very Shallow Uniform Arch 

When there are several loads express them 
in terms of only one, Q, as . shown. The cri 
tical value of ^ Is defined by the equation 

<f/e .=. 1 + "VMl-mrV27m3 

where & = deflection at center of . arch and 
Is written in terms of Q (or of w 
■ If only w is present) 

in = lH/Ae* (A = cross-sectional area) 

The. above equation, is solved to get the cri 
tical value of Q (or of w if only w is 
present ). - ;. . r ;. ,-. > ■<■• : 

When m^' 1.0 this type of buckling cannot 
occur , but the t ge neral type_ ( s ide sway ) can. 
P f b 



-I, A 



T -a« Buckling Equation* 

. . - . , tanL/J bl Jl + 24LI 1 /Ab 
I where j =1/EI/P 



Fig. B15 Special Case of Bent Buckling 

* Solve by successive trials for P. When P « p r7 . the 
equation will be satisfied. Also applies within *- 
»ery rew percent f or anr Ife^ca-t loads haTlns 

a .total or 2P, fee- unsyrHimet-iaitn k 

For pinned end* tha aquation is <L/J)tanL/J • (I l/tI, 
and the above comments apply * 



APPENDIX B FLEXIBLE SUPPORTS* SECONDARY STRUCTURE AND OPERATING DEVICES B9 



Effect of Column End Support 5tlffne33 

When the lateral end supports for a 
column are significantly flexible, this can 
reduce the allowable axial load to be below 
the buckling load* as follows. For the 
pin-ended case the allowable axial load due 
to support stiffness is in Fig.Bl6 (see the 
book of Art.Al8.27a for a derivation), ' 



EI 



2- p all-L 



Flg.B16 Effect of End Support Stiffness 

When ki = «*<> (simple support) P alI - k 2 L 
and vice-versa if k2 = 00 ■ For the column 
Itself the allowable load Is n^EI/Lf There- 
fore, minimum values "of k^ and k 2 needed to 
provide adequate support are given by 

klk 2 /(k 1 ♦ k 2 ) - TT A EI/L 3 

If less than this, P cr cannot be reached but 
Pall may be adequate for the actual load, P. 

-;v 1 "' ■ 

For any multispan column. the ability of 
flexible supports to provide simple sup- 
port for a given axial load, P, can be 
checked using the formula in Fig.Bl6 with 
successive calculations from end A to end E 
as in Flg.Bl?. This is discussed and illus- 
trated in the above mentioned book and also 
In NACA TN 871. pinned Joints are assumed. 



P J. 



Fig.Bl? Multispan Column Flexible Supports 

Structural Requirements for Secondary 
Structure and Operating Devices 

Troubles for these Items are caused by 
a lack of strength or insufficient stiffness 
and usually show up during proof testing or 
during service.* Some suggestions for avoid- 
ing 3uch troubles are as follows. 

1. All devices must maintain full strength 

. at limit loading. Therefore, the effects of 
limit deflection, whether due to limit load 
on the device or to limit load on other 
parts of the structure, must be checked. All 
operating devices must function properly at 
deflections due to limit loading, 

2. For areas of engagement of locking de- 
vices where retention depends upon bearing 
pressure between two parts, keep the bearing 
stresses below 10,000 psl and/or provide 
for .25" misalignment on assembly, 

3. As to location and direction of loads, 
assume them to be anywhere within a 30° core 
centered on the computed direction. When the 
load direction is based on a properly orien- 
ted machined fitting face assume a 10*mls- 

• And «r« then Tory expensive, teoth 
dollar and tlno-nlaa. to fix. 



alignment to exist. For analysis of back- 
up structure, assume the most adverse po- 
sition of load, eig., at the tip end of 
lugs (which Is universal practice in gear 
tooth design). Where strength depends on a 
dead-center mechanism, provide both 
strength and mechanical advantage from the 
operating standpoint to take care of a 10° 
misalignment either way. 

Design limit switch brackets and insta- 
llations to deflect a maximum of .03" under 
a 100 lb load in the direction of switch 
actuation and to have no permanent set un- 
der a load of 100 lbs in any direction. 

5. Design external power plug receptacle 
installations for a limit load of 1500 lbs 
along the Plug axis and, simultaneously, 
500 lbs normal to the plug axis in any di- 
rection and at the largest moment arm which 
the plug permits. External power plugs are 
subject to rough and careless handling. 

6. Gaps provided to prevent secondary 
structure from loading up must be checked 
for adequacy against gap closure due to 
structural load and/or temperature 
deflections. 

7. Provide adequate hinges and warp for * 
doors to remain closed and sealed under ~." 
proof loads and, where applicable, design 4 
the hinges for superposition of proof 
loads and warp loads. ^ 

8. The structural analysis of control sur- a . 
faces hinged to primary structure must in-" 
elude the effects of the deflections of the 
supporting structure. This also applies to 
power or control system shafting. See ex- 
amples In the book of Art. A18, 27a. 

9. When control surface skin panels are al- 
lowed to buckle, the secondary loads due to 
tension field action must be considered. 
Otherwise these loads may cause either a 
failure or excessive deformation, particu- 
larly for thin trailing edges (see p. 67). 

It is recognized that procedures (2) 
through (5) may run into difficulties. In- 
consistencies and designs which, when in- 
stalled properly, will be considerably ov- 
er strength. The design penalty may seem 
to be large large In the layout stage, but 
actually It is only a small fraction of the 
cost, dollar and time-wise, of making the 
changes at any later date, particularly In 
the field, ' The weight penalty Is more than 
Justified In terms of Increased reliability. 



Adding material to a structure, never . 
reduces lt3 strength but can reduce Its life, 

With a redundant ductile structure (and 
Joints, Flg.D1.44) the redundant loads can 
be assumed, the member loads calculated and 
the structure will deform to this load dist- 
ribution prior to strength failure. This 
ioes not apply. to structural life, however. 
or to 7>o y/e.tJm? a± f/m/'t /6AdL. 
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APPENDIX B AXIAL LOAD TRANSFER - SPLICES AND DOUBLEBS 



. .There are two main cases of axial 
load transfer, by shear • between members 
which require detailed analyses. These 
oases? are the installations of doiiblers 
and splices. 

Splices - 

Splices involving the transfer of 
load, byi shear f : .'from one member to another 
should be kept as short as possible. For 
example, when two "skins" are spliced to- 
gether an ideal splice would involve only 
a single line of fasteners, but two or 
three lines may sometimes be needed. 

Double rs 

-i?> . Doublers are relatively long members 
Installed on a "base" member.such as on a 
wing skin for example, for various pur- 
poses such as the following. 

a) Strength 

1 ) To strengthen an existing structure 

2) To salvage a damaged area 

3) To strengthen an axially loaded mem- 
ber having a hole or a cut-out or a 
non-structural door. 



b) Fatigue Life 



1 ) To increase the life of an existing 
design in a fatigue critical region 

2) To properly salvage a damaged struc 
ture for; ah adequate, service' life. 5 ' ; 

3) To salvage a "fatigue damaged" stru- 
ture where fatigue damage has been 
accumulating too rapidly in a par- 
ticular vehicle or group of vehicles 

c) Reinforcement for additional stiffness 
purposes which must Include a consid- 
eration of possible fatigue life liml- ■ 
tat ion due to the installation. 

d) Any member attached to an axialiy load- 
ed base structure will act as a local 



double r picking up axial lead, so a 
check on a possible harmful effect on 
fatigue > life at the fasteners may be 
necessary. 

e ) The effect of ending an axial member, 
such as a stringer t on a skin or sheet 
material. This may be desirable from a 
manufacturing or salvage standpoint, but 
its effect on fatigue life must be 
considered or Investigated. 

The main effort in analyzing doublers 
or splices is the determination of the 
loads in the attachments. Once these are ; 
known the loads and stresses in the mem- 
bers are known and can be evaluated as to 
strength or fatigue life or stiffness. 

Figure Bl8 shows a comparison of the 
fastener (and member) loads in a doubler 
and in a long (undesirable) splice. Note 
that the loads are largest In the end 
fasteners, so the members must be designed 
and "tailored" to reduce this "peaking* of 
loads . The fastener load distribution also 
depends upon, the spring constants of the : 
fastener Joints (determined experimentally^ 

A discussion of the analyses and de- 
sign of doublers and splices Is beyond the 
scope of this book. However, a detailed : 
and practical discussion of the subject is 
available in the Air Force. .Flight Dynamics 
Laboratory Report AFFDL-TR-67-18^ , January 
1968, "Analytical Design Methods for Air- 
craft Structural Joints" which contains 
numerous examples. It also accounts for 
fastener hole clearance or "slop" and -;• -'■ ..s 
loadings into the plastic range of the , 
Joints. The report is over 187 pages and 
will enable the reader to obtain a good un- 
derstanding of the subject and Its many ap- 
plications, and is available at some lib- 
raries. A copy, with corrections and add- 
ed comments, .is- also available from W; F. 
McCombs, 2106 Siesta Dr., Dallas, TX 7522k, 
$19.95 plus $3.00 shipping. The reader is 
encouraged to consult the report.* - 
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* Being the only such comprehensive report available, 
It should be Included in any structures library. 



APPENDIX B. JOGGLED. FLANGES AND. RIGID JOINT TRUSS BUCKLING ANALYSIS Bll 
1.00 ; 




71.ff.C7. ^5 Crippling Stress (F cc ) Reduction Factor for 
Aluminum Flanges 



Calculating the Critical (Buckling) Value' for a Big id Joint Truss's Loading 



The critical I buckling J loading for the 
truss (all members deforming In bending) Is 
found by a successive trial- procedure as follows. 

1. For the applied loading determine the member 
loads assuming oln joints. .Factor the applied 
loads to cause a load of about 1.6 times the 
buckling load In the first member that would 
fall, assuming pin Joints. Then determine the 
COF and DF for all members, .for rigid' Joints. 
J^Apply a unit couple at the Joint, N, whose 
members have the largest compression loads .and 
carry out the moment distribution prooedure un- 
til' all. Joints have been balanced and the' balan- 
' clng moments carried back to the Joint N. 
J.' Do not rebalance S but again rebalance all 
other Joints (In the sane sequence as before) 
carrying the balancing moments back to K. 
(^Repeat until the moments carried back to N 
are negligible, usually 2-3 sets of balancing. 

5. I f the sum of the moments carried back to N, 
JtclTMji. £s<.1.0 the -loading is less than critical 
If more than 1.0 it Is above the critical load. 

6. Repeat the above with another loading, suc- 
sesslvely, until £"C0Mjt=«1.0,. (or, say, between .99 
and 1.01) and that is the critical loading. 




The orocedure Is Illustrated below for the 
truss of Fig. All. 92 where, after several succes- 
sive trials. It Is found that for an applied load 
of 12,377 lbs i'COng-l.OlS, so that is, essonti- . 
ally, the critical load (for a load of 12.360 lbs 
XCOHcl.OO)'. 

As discussed in- Art. 11. 15b and Table All. 6, 
the falling load will be less than the buckling 
load because of beam-column failure. Usually it 
will be at about 90* of the buckling load, but 
only a- successive trials analysis as In Art. 
All. 15a will give the M.S.. 

The COF and SC values used to obtain. SF and 
DF values were' calculated .using the formulas on 
p. 3- 



Gusset plates can considerably Increase the 
critical loading and the falling loading. The 
analyses are as before, but the S.C and COF values 
are different. These are available In Bef. 1^ 
and -in "The Analysis of ..Structures", Hoff, N.J., 



Assuming uin Joints to determine, the ax- 
ial load3 is quite reasonable, although 
the Joint secondary bending moments do. 
change these slightly. Actually the as- 
sumption is conservative, the' final ben- 
ding moments always being smaller Isee 
"Moment Distribution". Gere, James «. , Van 
Hostrand Co . ) . 

In Table All* 1 * cross-sections are square. 
At the end of item 6, p> addi'Then see 
Art. A5. 31a: 

At th* bottom of p.* add the following i 
"If. the. applied, loading Is above the 
critical value, the successive carry over • 
moments will diverge. To calculate the 
critical (buckling) loadinpc value seep/#<(, 
A naldo - th e virnr a B vrr , Rigid Joint str- 
ength Is usually over 60* more than Is ■ 
predicted by a pin Joint stress analysis. 

The falling load for the truss is 11.088 ■ 
lbs, failure occurlng in member CE as a , 
beam-column. 3.6" from C U-448 ln-lbs). 
This Is 39.6* of the above buckling load 
and Is obtained by successive trials-, us- 
ing the procedure of Art.AU.lS*' ' 
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Hg, 2.4.9, Stiffness coefficients for compression bars with gusset plates. 

From author's paper in ASCE Transactions, ^2.9^ 




Fig. 2:4.10; i aCafry-over factors for compression b ars with gusset plates 
:: J '". •"? . From author's paper in ASCE Transactions* **♦* 
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Fig. 2.4. 12. Carry-over factors for tensioa bars with giisset plates. 
From author's paper in ASCE Transactions* ^ vsV 
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